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Abstract (Deutsch)
Der Raum zwischen den Sternen ist mit Gas und Interstellarem Staub (IS) gefüllt. Die Staubkörner
verursachen eine Abschwächung des Sternenlichts, die wir beobachten können, und spielen eine wichtige
Rolle bei der Entwicklung von Galaxien und bei der Entstehung von Sternen und Planetensystemen. Der
IS wird seit langem mit astronomischen Methoden beobachtet, die Teilchen sind durch in-situ Messungen
von Raumsonden im Sonnensystem identifiziert worden und es wurden sogar von der Stardust-Mission im
Jahr 2006 Proben des interstellaren Materials auf die Erde zurück gebracht. Jedoch existieren noch viele
Fragen über die Zusammensetzung, die Morphologie und die Grössenverteilung des IS, welche mehr und
verbesserte Messungen erfordern. Um diese Beobachtungen zu interpretieren, und um die Informationen
über die Staubteilchen von diesen Messungen zu extrahieren, wird ein besseres Verständnis des IS-Flusses
durch das Sonnensystem benötigt. Auch ist die Modellierung für die Gestaltung und Optimierung zukün-
ftiger Missionen mit IS Messungen notwendig.
Diese Arbeit modelliert den Fluss des IS durch das Sonnensystem unter Berücksichtigung der drei wichtig-
sten Kräfte: die solare Gravitation, der Strahlungsdruck der Sonne und die Lorentz-Kraft, die aus der
Bewegung der geladenen Körner durch das interplanetare Magnetfeld (IMF) entsteht. Simulationen von
Staubtrajektorien wurden über einen großen Bereich von IS Parametern β und Q/m durchgeführt. β ist
das Verhältnis von Strahlungsdruck und Gravitation und hängt von der Korngröße, der Morphologie und
dem Material des Kornes ab. Q/m ist das Ladungs-Masse-Verhältnis. Der Einfluss des Strahlungsdrucks
und der Lorentz-Kraft auf die Teilchenbahnen, Dichten und Flüsse wurden systematisch erforscht.
Der Strahlungsdruck reduziert die Anziehung der Gravitationskraft und kann diese für Teilchen von
etwa 0.2 µm Radius übertreffen (β > 1), was zu einem Fehlen dieser Staubteilchen, stromabwärts von
der Sonne (dem β-Kegel) führt. Wenn man nur den Strahlungsdruck und die Schwerkraft der Sonne
berücksichtigt, ist der IS-Fluss axialsymmetrisch, stationär und kann sogar analytisch berechnet werden.
Die Lorentz-Kraft wird stärker für kleinere Körner mit höherem Q/m-Wert und dominiert für Körner
< 0.15–0.2 µm. Die azimuthale Komponente des IMF führt dazu, dass die Teilchen zur oder weg von der
Äquatorialebene der Sonne abgelenkt werden, abhängig von der Polarität des IMF. Diese Fokussierungs-
oder Defokussierungs-Effekte folgen einem 22-Jahrigen Zyklus, sodass der IS Strom nicht-stationär und
das Strömungsbild wesentlich komplizierter werden. Wenn kleine IS Körner von 0.1 bis 0.15 µm nicht
schon am heliosphärischen “Termination Shock” ausgefiltert werden, dann können sie das Planetensys-
tem in günstigen Zeiten erreichen und wieder stromaufwärts abgelenkt werden (dies wird in dieser Arbeit
“Spiegelung” genannt) und so eine lokale Erhöhung der Konzentration verursachen. Da die kleinen Körner
in grösserer Menge in der Grössenverteilung vorkommen, können diese immer noch eine wichtige Rolle in
zukunftige Beobachtungen spielen; wie z.B. bei Cassini zwischen 2010 und 2017. Eine solche Beobachtung
kann uns Aufschluß über den Filterungsprozess am “Termination Shock” geben.
Die Grössenverteilung der IS Teilchen im Sonnensystem weicht stark von der ursprüngliche IS Grössen-
verteilung ab und hängt von den Staubeigenschaften, der Position im Sonnensystem und der Zeit im
solaren Zyklus ab. Solche modifizierten Grössenverteilungen werden für feste Positionen entlang der IS
Strömungsachse und für sich bewegende Objekte wie Saturn, Jupiter und den Main-Asteroid Ceres disku-
tiert. Implikationen für die spezifischen Missionen (Cassini, JUICE und Stardust) werden untersucht.
Die Vorhersage des IS-Flusses für Cassini zeigen, dass im Jahr 2010 der Fluss von 0.25 µm Staubteilchen
maximal ist, und zwischen 2010 und dem Ende der Mission (2017) für kleinere andere Teilchen zu an-
deren Zeiten maximal ist. Für die Jupiter Icy Moons Explorer Mission (JUICE) zeigen die Simulationen,
dass es eine optimale Gelegenheit für ISD Beobachtungen kurz vor und bei der Ankunft der Raumsonde
am Jupiter im Jahr 2030 gibt. Schließlich werden die IS Bedingungen während der Stardust “Sample
Return” Mission untersucht und die Simulationen mit den Ergebnissen (IS Proben) des Stardust Teams
verglichen. Die Simulationen zeigen, dass die Beobachtungen zwar kompatibel mit einem interstellaren
Ursprung der identifizierten IS Kandidaten sind, dass sie aber nicht als Beweis dafür genommen werden
können.
Einsichten und Techniken dieser Arbeit können die Tür für die zukünftige Erforschung des IS öffnen.
Die Kombination von astronomischen Beobachtungen mit Ergebnissen von in-situ-Messungen und Sam-
ple Return Missionen, und ihr Vergleich mit IS-Modellierungen wird die Staubeigenschaften einschränken
und uns Inforamtionen über ihre Grössenverteilung vor und nach der Filterung auf ihrem Weg durch das
Sonnensystem verschaffen. Daraus können wir Schlüsse über die unmittelbare galaktische Umgebung der
Sonne und der Heliosphäre ziehen.
Abstract (English)
The space between the stars is filled with gas and interstellar dust (ISD). The dust grains cause extinction
of the starlight that we observe and they play an important role in the evolution of galaxies and in the
formation of stellar and planetary systems. The ISD has been long observed by astronomical methods,
the grains were measured by in-situ measurements of spacecraft in the solar system and even samples of
interstellar material have been brought back to Earth by the Stardust mission in 2006. Many questions
on the composition, morphology and size distribution of ISD still exist today which require more and
improved measurements. Modeling and understanding the ISD flow through the solar system is needed
to interpret these observations and to fully extract the information on ISD grains carried by these mea-
surements. Also, the modelling is necessary for designing and optimizing future ISD missions.
The modeling in this thesis follows this flow of ISD through the solar system taking into account three
main forces: solar gravity, solar radiation pressure force and Lorentz force resulting from the motion of
the charged grains through the interplanetary magnetic field (IMF). Simulations of dust trajectories over
a large range of grain parameters β and Q/m were performed. β is the ratio of solar radiation pressure
force to gravity and depends on the grain size, morphology and material. Q/m is the charge to mass
ratio. The influence of solar radiation pressure force and Lorentz force on the trajectories, densities and
fluxes were systematically studied.
Radiation pressure reduces gravitational attraction and can become even dominant (β > 1) for par-
ticles of about 0.2 µm radius, leading to a void region downstream from the Sun: the β-cone. The ISD
flow under the influence of solar radiation pressure and gravity only is axi-symmetric, stationary and
can even be calculated analytically. Lorentz force becomes stronger for smaller grains having higher
Q/m and dominates for grains < 0.15–0.2µm. The azimuthal component of the IMF causes the grains
to deflect towards or away from the solar equatorial plane depending on the polarity of the IMF. This
focusing and defocusing effect occurs in a 22-year cycle, which makes the stream non-stationary and the
flow pattern much more complicated. If not filtered at the termination shock, then very small grains of
0.1–0.15 µm would still reach the solar system at favorable times and would be reflected back upstream
(called ‘mirroring’ in this thesis) causing locally enhanced concentrations. Since small grains are more
abundant in the size distribution of the ISD, this may still play an important role in future observations
like for Cassini between 2010 and 2017 and may teach us about filtering processes at the termination shock.
The size distribution of ISD in the solar system is strongly modified from the incoming ISD size dis-
tribution and varies with grain properties, location in the solar system and time in the solar cycle. These
modified size distributions are discussed for a fixed position along the ISD flow axis and for moving
objects like Saturn, Jupiter and the main-belt asteroid Ceres. Implications for specific missions (Cassini,
JUICE and Stardust) are studied too.
The ISD flux predicted for Cassini at Saturn reveals that in 2010, the flux of 0.25 µm grains is maximum
and that between 2010 and the end of the mission (2017) the flux of different smaller sizes of the grains
is maximum at different times. For the JUpiter ICy moons Explorer (JUICE) the simulations showed
that there is an optimum opportunity for ISD observations just before and at arrival of the spacecraft at
Jupiter in 2030. Finally, the ISD conditions during the Stardust sample return mission are studied and
the results of the simulations are compared to the preliminary findings (ISD samples) of the Stardust
Team. The simulations indicate that the observations are compatible with an interstellar origin of the
identified ISD candidates but cannot be taken as a proof.
Insights and techniques acquired and used in this thesis will open doors for future ISD research. Combin-
ing the knowledge derived from astronomical observations, sample return missions, and from comparing
the ISD modeling to in-situ spacecraft measurements will constrain the grain properties and teach us
about their size distributions before and after filtering on their way through the solar system. From this,
we can learn about the immediate galactic environment of the Sun and the heliosphere.
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Introduction
1.1 Dust in the Local Interstellar Cloud
The solar system is currently passing through a small cloud of low density weakly ionized gas and dust:
the Local Interstellar Cloud (LIC, 0.1 - 0.3 H/cm3, Frisch et al. (1999)). The LIC and the other sur-
rounding clouds of the InterStellar Medium (ISM) are part of a larger structure containing hot and low
density gas: the Local Bubble (Frisch et al., 2009). The solar system is located at the edge of the LIC,
and moves in the direction of the neighboring G-cloud. The transition from the LIC to the G-cloud could
happen in one of the next 10000 years or later.
Interstellar dust (ISD) is embedded in the gas of the LIC. Therefore the dust and the gas are assumed
to have the same dynamical properties. The speed and direction of the ISD entering the solar system
results from the relative motion of the Sun with respect to the LIC. The assumed dust upstream direction
in this thesis was determined from in-situ dust detections with Ulysses and is equal to 259◦ longitude
and 8◦ latitude (Frisch et al., 1999), with a relative velocity of 26 km/s. The upstream direction of the
interstellar helium gas (254◦ longitude, 5.6◦ latitude) that was also detected by Ulysses (Witte et al.,
1993) lies within the 1σ range of the determined dust direction (Baguhl et al., 1995b, 1996; Landgraf,
1998). Also astronomical (radial velocity) observations confirmed the results of Ulysses (Redfield and
Linsky, 2008).
Levy and Jokipii (1976) predicted that ISD grains carry a net charge causing the particles to inter-
act with the interplanetary magnetic field (IMF) through the Lorentz force. They predicted that this
would exclude ISD grains with a high charge-to-mass-ratio from the (inner) solar system. Gustafson and
Misconi (1979) and Morfill and Grün (1979) calculated the trajectories of these charged ISD particles,
and concluded that there are phases during the solar cycle where ISD will be focused towards the solar
equatorial plane and phases where the ISD will be defocused from the solar equatorial plane. Linde and
Gombosi (2000) postulated that ISD smaller than about 0.2 µm would be filtered at the heliopause, so
there is a filtering of particles at entry into the solar system.
In 1993, the first ISD particles were identified in the Ulysses dust data (Grün et al., 1993). Later,
data from Galileo, Helios, and the early mission phase of Cassini were also analyzed for ISD (Altobelli
et al., 2003, 2005, 2006). An overview of related papers is given in Section 1.2, Table 1.1.
Landgraf (2000) simulated the trajectories of ISD moving through the solar system, derived time-variable
relative densities and fluxes of the dust, and compared these simulations to the observations of Ulysses
between 1992 and 1999. From this, he estimated the mass distribution of ISD in our solar system. A bulk
particle size of 0.3 µm was found, assuming that they are ‘astronomical silicates’ as described in Gustafson
(1994). The observed flux of ISD fluctuated between 5 ·10−5 and 2 ·10−4 m−2s−1 (Landgraf et al., 2003).
2 Introduction
A review of the current state of knowledge of ISD and the in-situ measurements with spacecraft are
given in Mann (2010), while Draine (2009) gives a synthesis of the current ISD models.
1.2 Interstellar dust observations
1.2.1 Astronomical observations
Astronomical observations of the extinction and polarization of starlight as well as infrared emission of the
interstellar dust led to models of the size distribution and composition of interstellar dust (Weingartner
and Draine, 2001; Zubko et al., 2004). Also the abundances of the materials in the gas phase of the
interstellar medium constrained the abundances and materials of the dust that should be present in
the ISM, assuming a Sun-like star as a reference. All of these models are using different details of the
observations such as local features in the absorption spectra, but they have in common that silicates and
carbons are used as constituents and that their size distribution is roughly described by a power-law.
A commonly used model is the so-called “MRN-distribution” (Mathis et al., 1977) that has a power-law
with slope −3.5 and a cut-off for silicate grains with radius larger than 0.25 µm and 1 µm for carbon
grains. The MRN-distribution is drawn in Figure 1.1 from Krüger (2012) as straight lines for different
density assumptions of Hydrogen. In this thesis, we assume the MRN-distribution as the size distribution
in the LIC. Section 3.3 in this thesis describes the ISD size distribution in the LIC in more detail.
1.2.2 In-situ dust observations
The first in-situ observations of ISD in the solar system were made by Ulysses in 1993 using an impact
ionization dust detector (Grün et al., 1993). Impact ionization dust instruments are based on the fol-
lowing principle: when dust grains impact on a target, the grain as well as part of the target material
vaporizes and ionizes. This material expands from the “target” towards the “collector” of the instrument,
on which an electrostatic potential is applied. The total charge on target and collector is measured as
well as a rise-time of the charge signal. The rise-time depends on the particle impact speed whereas
the total charge depends on the mass of the grain, impact speed, particle composition and density. The
velocity can be determined within a factor of 2 for Ulysses (between 2 and 70 km s−1) which causes the
mass to be determined within a factor 6 (Grün et al., 1995). Similar dust instruments were flown on the
Galileo mission to Jupiter (Grün et al., 1992) and the Geostationary Orbit Impact Detector (GORID) on
the Russian Express-2 telecommunications satellite. Cassini also has an impact ionization dust detector,
but includes also a time-of-flight mass spectrometer from which mass spectra and thus composition of
the grains can be revealed (Srama et al., 2004a).
Although the directionality of the ISD grains was conform to the Helium upstream direction and the
simulations of Landgraf (2000) explained the fluctuations of the observed flux between 1992 and 1999
very well, some questions remained unresolved. The size distribution of ISD in the solar system obtained
from the Ulysses, Galileo and Helios measurements showed too many large grains in comparison to the
ISD models obtained from astronomical observations and from cosmic abundances. Also the smaller
grains were underrepresented in the in-situ data (see Figure 1.1, from Krüger (2012)) and in 2005 Ulysses
observed a shift of the ISD upstream direction (Krüger et al., 2007; Strub et al., 2011) that is not yet un-
derstood. Part of the reduction of small grains is due to the filtering of the dust at the termination shock
of the heliosphere (Linde and Gombosi, 2000; Slavin et al., 2010) and in the inner solar system (Landgraf,
2000). The larger grains are invisible to astronomical observations because they are too sparse (their total
surface density1 is too low). However, even when taking into account these arguments, there are still
too many large grains in the in-situ data compared to what can be expected from cosmic abundances.
What concerns the smaller grains, the filtering was not yet completely analyzed for the whole dataset of
Ulysses and improvements in modeling (especially at the termination shock) are needed (see Section 6).
The shift of dust in 2005 could possibly be explained by the forces acting on the dust grains on their
trajectories in the inner solar system, although this has not been proven yet and has to be consistent
with the observations of the filtering of the smaller dust grains in the solar system.
1the spatial density multiplied by the grain surface
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Figure 1.1: The MRN mass distribution for a Hydrogen density of 0.1, 0.2 and 0.3 cm−3 (dashed lines)
from Mathis et al. (1977) and the ISD mass distribution from Ulysses data (crosses) between 1992 and
2008. The mass bins are chosen to contain equal amounts of dust counts. This graph is similar to Fig. 2
in Frisch et al. (1999) but uses an updated Ulysses dataset. Source: H. Krüger.
Meanwhile, the Cassini mission at Saturn keeps on recording dust impacts until 2017. These are inteplan-
etary as well as interstellar of origin. Altobelli et al. (2003) analyzed the interstellar dust impacts during
the cruise phase of Cassini between Venus and Earth. Dedicated interstellar dust observation campaigns
were fixed for Cassini in 2010, 2011 and 2012 using an optimal spacecraft pointing, and an on-going
effort is currently taken in the CDA-team to extract the ISD grains from the data and to obtain their
composition via their mass spectrum. For both mission planning as well as extraction of the ISD from the
data, simulations of the relative flux and directionality are a helpful tool. Especially the question whether
the dust trajectories can be approached by the radiation-pressure-only case or by simple straight trajec-
tories can be answered by such analysis. Similar questions need to be answered when designing future
missions like the JUpiter ICy moons Explorer (JUICE), SAmple Return of Interstellar Matter (Srama
et al., 2009, 2012, SARIM and SARIM+) or the Cosmic DUst Near Earth (Srama et al., 2006, Cosmic
DUNE) missions.
The data collected by all these missions (Ulysses, Galileo, Helios, Cassini) can be compared with simu-
lations using different material assumptions and as such it is possible to find best fits of the filtered size
distributions at different times and places in the solar cycle with these simulations and so the material
properties of the grains can be constrained (Altobelli, 2004, ‘β-spectroscopy’). Therefore a thorough
understanding and analysis of the time and spatial variability of the flux of dust in the solar system is a
prerequistite.
1.2.3 Sample-return missions
A third method to reveal information about the ISD grain properties is sample return of interstellar
grains. The Stardust mission returned cometary and interstellar grains to Earth in 2006 using a collector
4 Introduction
Mission Period Distance interval Reference
(AU)
Helios 1974 - 1980 0.3 - 1 1
Ulysses 1992 - 2007 2.5 - 5.4 2, 3, 4, 5
Galileo 1989 - 1996 0.7 - 5.4 6, 7
Cassini 1999 0.7 - 1.2 8
Stardust 1999 - 2003 1 - 2.7 9
Table 1.1: Overview of missions with ISD measurements, period and distance to the Sun. References.
(1) Altobelli et al. (2006); (2) Grün et al. (1994); (3) Baguhl et al. (1996); (4) Landgraf et al. (2000);
(5) Krüger et al. (2007); (6) Baguhl et al. (1996), (7) Altobelli et al. (2005); (8) Altobelli et al. (2003);
(9) Krüger et al. (2004). Source: E. Grün.
of aerogel, and aluminum foils between the aerogel tiles. Up to now 3 candidate ISD grains were found
in the aerogel, which is less than expected. In Section 4.3.1 in this thesis, the Stardust case is analyzed
shedding light on how many grains could have been expected. Other mission proposals have been made
for sample return of ISD like the SARIM and SARIM+ missions (Srama et al., 2009, 2012). Cosmic
dust samples were taken in the 70s with high-altitude balloons and aircraft, but only grains > 3µm of
interplanetary dust were found in the samples (Brownlee et al., 1977).
1.3 Goals of the thesis
This thesis explains the mechanism and demonstrates the modulation of the flow of ISD passing through
the solar system by using numerical simulations of the dust trajectories. This is done at different loca-
tions in the solar system, at different times in the solar cycle and for different parameters of the grains.
Apart from the variations in densities, fluxes and flow directions we also analyze how this affects the size
distribution of the ISD in the inner solar system. The mechanism, the flow and the filterig of dust in the
solar system are explained in Chapters 2 and 3 of this thesis.
Insight in the flow and filtering of ISD is a prerequisite to identify optimal observing conditions for
present and future missions like Cassini, JUICE and SARIM. Simulating ISD fluxes, filtering and flow
patterns for these specific missions helps to optimize the mission design and pointing profile for ISD mea-
surements. Also, applying these simulations to past missions like Ulysses and Stardust benefits to the
analysis of the in-situ data that are available now. The ISD filtering at Saturn, Jupiter and the Asteroid
belt are explained in Chapter 4 as well as specific implications for the Cassini, JUICE and Stardust
missions.
Finally, this thesis also aims at opening doors for future ISD research focused on expanding our knowledge
on the ISD grain properties, size distribution in the LIC, and on explaining the discrepancies between in-
situ and astronomical observations or specific features like the shift of ISD direction in 2005 as measured
by Ulysses. How this thesis contributes to this is explained in Chapter 6.
In this thesis I made use of own contributions to published and unpublished papers, except if explicitely
mentioned differently. Sections 1.1, 2, 3.1 and 4.1.1 and Appendices A are extracts from Sterken et al.
(2012c) that has been published in February 2012. Sections 3.2, 3.3, 3.4, and the first parts of 4.1, 4.2, 4.3
and Appendix B are adapted from Sterken et al. (2012b) that has been submitted in May 2012. Sec-
tion 4.2.1 is based on Sterken et al. (2012a), which is in press at the time of writing of this thesis.
Section 4.3.1 is based on Sterken et al. (2012d) and will be submitted shortly after thesis submission
(July 2012).
Throughout the thesis, the size of a particle denotes particle radius.
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Modeling ISD dynamics
Simulations of the ISD grain trajectories were performed to study the motion of the ISD in the solar
system. This chapter explains the modeling and dynamics of the ISD in the inner solar system, which
is determined by three main forces: gravity, solar radiation pressure force and Lorentz force due to the
relative motion of the charged ISD particles through the IMF. The forces on the grains, the equations of
motion, the modeling of the IMF and assumptions on the grain properties are described in Section 2.1. At
first, the ISD trajectories, velocities and densities resulting from gravity and radiation pressure force only
are discussed in Section 2.1.1. Then Section 2.1.2 introduces the Lorentz force acting on a charged ISD
grain. The modeling of the interplanetary magnetic field (IMF) is described in Section 2.1.3. A discussion
on the grain parameters that were assumed is given in Section 2.1.4 and a description of the simulation
tool, reference frames and further assumptions made for the simulation are given in Section 2.2. The
model on which the simulation tool is based is similar to the Landgraf (2000) and Gustafson and Misconi
(1979) models, but some extra options are included to be able to optimize the tool for various applications
(see Section 2.1.3). Also, we preserve a wider grain parameter space which is useful for a broader analysis
of the in-situ ISD observations as will be discussed at the end of this thesis in Chapter 6.
2.1 Dust dynamics in the heliosphere
The ISD dynamics are governed by solar gravity, radiation pressure force, and Lorentz forces due to
the interaction of the charged particles with the IMF. Other forces like Poynting-Robertson drag, the
Yarkowski effect, solar wind drag and Coulomb drag are not taken into account because of their low signif-
icance for the passage of the interstellar grains through the solar system (Altobelli, 2004). Gravitational
forces of the planets in the solar system are not implemented in the simulations, but if necessary for a
certain planetary mission, a correction factor can be applied to the resulting densities for the gravitational
focusing and shielding of a planet (Jones and Poole, 2007; Staubach et al., 1997).
2.1.1 Radiation pressure force
The gravitational force of the Sun on a dust particle is
FG = −GMmp|r|3 r, (2.1)
where G is the gravitational constant, M the mass of the Sun, mp the dust particle mass, and r the
position vector of the dust particle with respect to the Sun.
The solar radiation pressure force exerted on a particle can be expressed as
Frad =
Apr
2
0
c
r
|r|3
∫ ∞
0
qpr Sλ dλ =
Ap Qpr S0
c
r
|r|3 (2.2)
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(Schwehm, 1976) where Ap is the projected surface of a particle (Ap = pi a2 for a spherical particle,
with a its radius), Sλ the solar flux per unit area and wavelength range at Earth distance from the
Sun (r0 = 1 AU), c the speed of light, qpr and Qpr are the efficiency factor of the radiation pressure,
but Qpr is weighted for the solar spectrum. Also, S0 is the solar flux, weighted for the distance to the Sun.
Because both the gravitational and solar radiation pressure forces act radially and decrease with the
squared distance to the Sun, it is common practice to express these two forces as one combined effective
force
F = F(G+rad) = − (1− β)GMmp|r3| r, (2.3)
where β is the ratio of the radiation pressure force to gravitational force, for a specific particle type.
β =
|Frad|
|FG| =
Ap Qpr S0
c GMmp
, (2.4)
where β depends on the material and surface properties of the particle (e.g. morphology, color, particle
mass, size). We assume in the simulations that the solar irradiance and the particle surface and material
properties do not change during the time the particle flies through the heliosphere, so β is a constant.
The parameter β is discussed in more detail in Section 2.1.4
Gravity and radiation pressure: trajectories
The effect of the combined gravitation and radiation pressure forces on the ISD trajectories is illustrated
in Fig. 2.1. Particles of different β values are shown that initially move parallel to the X-axis with an
impact parameter b = 1 AU. For particles with β = 1, the gravity and solar radiation pressure force
cancel each other out, and the particle will move on a straight trajectory. In the case of β < 1, gravity
dominates and pulls the particle into a hyperbolic trajectory, in the direction of the Sun. In the case of
β > 1, the opposite occurs: the ISD particle will move on a hyperbolic trajectory away from the Sun.
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Figure 2.1: Trajectories of interstellar dust coming into the solar system, having the same impact pa-
rameter b, but different β-values. The dotted lines show the (analytically calculated) β-cones. The dust
is assumed to initially move parallel to the X-axis, for simplification.
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Assuming that the particle comes in parallel to the X-axis of a polar coordinate frame where θ = 0
corresponds to the downstream dust direction, its equation of motion written in polar coordinates is
r = b
2V 2∞
GM(1−β)
1
1+e cos(θ−arccos(e−1)) (for β < 1) (2.5)
r = b
2V 2∞
GM(1−β)
1
1−e cos(θ−pi+arccos(e−1)) (for β > 1) (2.6)
where r is the heliocentric distance of the particle with respect to the Sun, b the particle impact param-
eter, V∞ the speed of the particle at entrance to the solar sytem, and θ the angle in polar coordinates
corresponding to r. The eccentricity e of the hyperbolic trajectory is equal to
e =
√
1 +
V 4∞b2
(GM(1− β))2
. (2.7)
The radial and tangential velocity components of the particles at position r is given by
β < 1
Vr =
GM(1− β) e sin(θ − arccos(e−1))
bV∞
(2.8)
Vθ =
GM(1− β)
bV∞
(
1 + e cos(θ − arccos(e−1))) (2.9)
β > 1
Vr =
GM(1− β) e sin(θ + pi/2− arcsin(e−1))
bV∞
(2.10)
Vθ =
GM(1− β)
bV∞
(
1 + e cos(θ + pi/2− arcsin(e−1))) . (2.11)
For β < 1 all trajectories with equal impact parameter b will cross each other at one point behind the
Sun (focus) and a region of enhanced dust densities will be generated by a beam of initially parallel
moving particles (Fig. 2.2). Since the trajectories are rotationally symmetric about the beam axis, only
trajectories in one plane containing the beam axis are shown.
The focal distance df downstream from the Sun for particles with equal β and b-values is given by
df =
b2V 2∞
GM(1− β)
1
2
. (2.12)
For β > 1 particles are deflected away from the Sun and paraboloid-shaped regions are generated, which
particles with a given β-value cannot enter. These are the so-called “β-cones” (dotted lines in Figs. 2.1
and 2.2).
The polar equation of the exclusion zones is expressed as
r = − 4GM(1− β)
V 2∞(1 + cos(θ))
(2.13)
(Altobelli, 2004). The upstream apex distance of the β-cone is given by
rβ−cone,min = −2GM(1− β)
V 2∞
. (2.14)
The deflections from straight line trajectories are shown in Figs. 2.3 and 2.4 for particles with β = 0.5
and β = 1.6, respectively. Upstream of the Sun, the deflection (in distance and angle) and acceleration
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Figure 2.2: Numerically calculated trajectories of particles with β = 0.5 (left) and β = 0.5 (right), but with
different impact parameters b, in the ISD frame. For β < 1 (left), the dust is concentrated downstream
from the Sun, the particles accelerate near the Sun and decelerate afterwards again to their original
speed. Particles with β > 1 (right) and no charge will decelerate near the Sun, and then accelerate again
to their original speed. The β-cone where particles with β > 1.6 cannot enter, is visible. The colorbar
shows the scale of the absolute particle speed with a maximum of 50 km/s. The particles are started at
-50 AU from the Sun in 1997, and reach the region of the Sun about 9.5 years later.
(in speed) are small, and higher deflections are concentrated on trajectories close to the beam axis.
Downstream from the Sun, the scattering by solar gravitation and radiation pressure forces becomes
strong and straight line trajectories can no longer be used as proxies for interstellar particle trajectories.
The existence of the β-cones may help us restrict ISD particle properties by comparing the observations of
the flux, density, direction, and speed of the particles, with the theoretically calculated values (Landgraf
et al., 1999a). Such particle-dynamics studies can constrain the β-value of the ISD, and thereby providing
some information about particle properties such as its composition or surface roughness. This study is
referred to as β-spectroscopy (Altobelli, 2004). However, the distribution of ISD in the heliosphere is much
more complex than presented here, because it is modified by the Lorentz force due to the interaction
of the IMF with the charged ISD particles. For β-spectroscopy, care has to be taken in the selection of
the timeperiods of the observations, as well as the locations, to avoid mixing up the effects of eventual
Lorentz forces with the β-cones.
Gravity and radiation pressure: densities
The density can be analytically expressed in polar coordinates as
n(r, θ) = n∞
b2
r sin(θ) |2b− r sin(θ)| (θ > 0) (2.15)
where
b =
∣∣∣∣∣∣rsin(θ)2 ±
√(
r sin(θ)
2
)2
+ r
GM(1− β)
V 2∞
(1 + cos(θ))
∣∣∣∣∣∣ (2.16)
(Landgraf et al., 1999b) with n the local density, n∞ the undisturbed density of the ISD at entrance to
the solar system, b the impact parameter and r and θ the polar coordinates of the dust particle, with
respect to the Sun. For β > 1 every position outside the β-cone is reached by two different trajectories.
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Differences in distance, speed and angle of ISD
Reference: beta = 1.00 Q/m = 0.00    Comparison: beta = 0.50 Q/m = 0.00
Start = 2012 Stop = 2037
Closest Approach to Sun in the reference case is approximately in 2021
Figure 2.3: Absolute differences in position, velocity, and direction, in “sliced” planes at different positions
from the Sun along the X-axis of the ISD-frame. The difference between the case for β = 1, Q/m = 0,
and β = 0.5, Q/m = 0 is shown. The red regions denote trajectory differences of more than 1 AU (left),
velocity differences of more than 5 km/s (middle), and angular differences of more than 5 degrees (right).
The plot illustrates in what extent the straight-line approximation can be used.
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Differences in distance, speed and angle of ISD
Reference: beta = 1.00 Q/m = 0.00    Comparison: beta = 1.60 Q/m = 0.00
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Closest Approach to Sun in the reference case is approximately in 2021
Figure 2.4: Absolute differences in position, velocity, and direction, in “sliced” planes at different positions
from the Sun along the X-axis of the ISD-frame. The difference between the case for β = 1, Q/m = 0,
and β = 1.6, Q/m = 0 is shown. The red regions denote trajectory differences of more than 1 AU (left),
velocity differences of more than 5 km/s (middle), and angular differences of more than 5 degrees (right).
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Since Eq. 2.15 only gives the contribution to the number density of one solution, the contributions from
the different solutions that reach a point have to be added up to calculate the total number density at
a point (Landgraf et al., 1999b). The distribution of ISD in the heliosphere due to solar gravity and
radiation pressure force is axisymmetric around the axis along the inflow vector of the dust. In Fig. 2.5
scatter plots of the densities at different slices perpendicular to the particle beam are displayed at different
distances to the Sun. Downstream from the Sun the dust concentrations along the beam axis are visible
for the β < 1 case. Close to the Sun, higher speeds can be seen thanks to the solar acceleration. In case
of β > 1, the deceleration close to the Sun and the formation of the β-cone becomes apparent with some
density enhancements just outside of the β-cone.
Besides the scatter plots shown in Fig. 2.5, 3-D density maps have also been calculated from numerically
integrated trajectories. The β-cones are visible in the ISD density map of the solar system (see Fig. 2.6):
for particles with β > 1, there is a depletion of particles downstream of the Sun. When β < 1, the density
of ISD downstream of the Sun increases (gravitational focusing of the Sun). Figures 2.6 are derived from
the numerical trajectory simulations by counting the number of grains in the grid cells per time bin.
They are drawn in the ecliptic reference frame. The graphical representation was developed by Sascha
Kempf. The density plots are fixed at one single observation time. The trajectory plots have a fixed
starting time for the particles, but time evolves along the plotted trajectory. Since the ISD flow with
only radiation pressure force and solar gravity is stationary, the density plots and trajectory plots will
match each other. However, when Lorentz forces are taken into account, this is no longer the case.
Gravity and radiation pressure: closest distance to the Sun
The closest approach distance to the Sun (perihelion distance rCA) of the hyperbolic trajectories of
interstellar grains through the planetary system is given by
rCA =
b2V 2∞
GM(1−β)
1
(1+e) (for β < 1) (2.17)
rCA = − b
2V 2∞
GM(1−β) (for β > 1). (2.18)
To gain insight into the way that particles are spread or focused with respect to their starting position,
we plot the closest distance to the Sun of the ISD. The resulting plot can be used to define the minimum
size of the area where particles are started from in the simulation. As an example, we plot the closest
approaches for particles with β = 0.5 and β = 1.6 in Fig. 2.7. The plots are drawn in the ISD frame.
The dotted lines are the closest approaches to the Sun for a reference case with β = 1 and no charge, so
the reference particles move in straight lines towards the Sun. Their closest distance to the Sun is equal
to the distance of the particle on the starting grid to the center of the starting grid (the contour lines
in Fig. 2.7 are thus circular). The offset in the Z direction is a result of the obliqueness of the incoming
dust vector with respect to the solar equatorial plane.
Particles with β < 1 are attracted near the Sun. Therefore, in order to get the total ISD density in a
radius of 10 AU around the Sun, one needs to start the particles from a wider range than 10 AU in the
start plane. How wide this range should be can be estimated from the plots. The plots show how much
the particles are focused and defocused with respect to the Sun, in comparison with the case for straight
trajectory lines.
2.1.2 Lorentz forces
ISD particles moving through the heliosphere collect ions and electrons from the ambient solar wind
plasma. They also emit electrons, mainly owing to the photo-ionionization effect of the solar UV radiation.
The electron fluxes are much higher than the ion fluxes, and the amount of electrons emitted through
the photo-ionization effect is more than electron collection through the solar wind plasma. Therefore
the particle will get a positive charge, which brings the emission and collection currents into equilibrium.
Since the solar UV radiation intensity and the solar wind plasma density both decrease quadratically with
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Figure 2.5: Cross-section of the trajectories for β = 0.5 (left) and β = 1.6 (right), through different
YZ-planes in the ISD frame. The color denotes the particle speed in km/s. The particles are started at
50 AU distance from the Sun. The speed of the particles is higher near the Sun for grains with β < 1 and
slower near the Sun for grains with β > 1. Farther away from the Sun, they slow down to their original
starting speed (left) or accelerate again towards their original speed (right). The density is enhanced
downstream from the Sun for β < 1 and the β-cone is visible for β > 1.6.
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Figure 2.6: Relative density map of ISD in the solar system up to 10 AU from the Sun, for particles with
β = 0.5 (left) and β = 1.6 (right). The density is shown with respect to the undisturbed ISD density
at infinity, and the color scale is limited to an upper relative density of 2. The graphical representation
was developed by Sascha Kempf. For grains with β = 0.5, the relative density downstream of the Sun is
enhanced thanks to the gravitational focusing (left). The β-cone for β = 1.6 is visible as a conically-shaped
volume of depletion (right).
increasing distance to the Sun, this charge stays in equilibrium (Horányi, 1996). It has been estimated that
the surface potential on graphite grains at 1 AU from the Sun is between +0.5 V and +6 V (depending
on solar wind conditions), while the surface potential on silicate grains at 1 AU is about +4 V and
+14 V (Mukai, 1981). With changing solar wind conditions, the potential of the grains will fluctuate too,
but these fluctuations are only small and temporary. For the ISD simulations, we assume spherical unfluffy
grains, with an equilibrium potential of +5V, which is compatible with the Cassini measurements (Kempf
et al., 2004) of charged grains. These measurements confirm the theoretical predictions of the charges on
ISD grains. The net charge on the dust grain is then
q = 4pi0 a U (2.19)
where 0 is the electric permittivity of the vacuum (8.85 10−12 F/m), a the radius of the grain, and U
the surface potential. Assuming a spherical grain with density ρ and mass m, the charge to mass ratio
becomes
Q
m
=
30U
ρa2
. (2.20)
When the charged particles move through the IMF, they experience Lorentz forces. The Lorentz force
exerted on ISD depends on the particles charge to mass ratio (Q/m), its velocity with respect to the solar
wind velocity (r˙p,sw) and on the field strength of the IMF (Bsw) at the location of the particle. The
equation of motion of the ISD becomes
r¨ = − (1− β)GM|r3| r+
Q
m
(r˙p,sw ×Bsw) . (2.21)
At large distances from the Sun, the main IMF component is the azimuthal component of the IMF (see
Section 2.1.3), so the main effect of the Lorentz force is to deflect the ISD particles towards or away from
the solar equatorial plane (Morfill and Grün, 1979; Gustafson and Misconi, 1979). Whether particles will
be focused or defocused depends on the phase of the solar cycle. The Lorentz forces can narrow down
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Figure 2.7: Distance to the Sun during the closest approach for ISD particles with β = 0.5 (left), β =
1.6 (right) and Q/m = 0, i.e. their closest distance to the Sun projected on a plane. The axes show the
original position of the ISD particles in AU, in the ISD frame, while the numbers in the contour lines
show their closest approach distances. The dotted lines are the reference case where β = 1 and Q/m
= 0 (particles fly in straight lines, thus the dotted contour lines are circles). The contour lines for β =
0.5 are outside of the dotted contour lines, because the ISD is focused towards the Sun (so that a larger
starting area is needed to investigate the ISD in an area of e.g. 10 AU around the Sun). The particles
are ‘pushed away’ by solar radiation pressure force for β = 1.6, so less space is needed on the starting
grid to investigate a certain area in the solar system.
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Figure 2.8: Ratio of Lorentz force to “effective gravitation” for several particle sizes and at different
distances from the Sun, from Landgraf (1998).
the β-cones, or the opposite, enhance the β-cones. The importance of the Lorentz force with respect to
solar gravity increases linearly with the distance to the Sun:
FL ∝ r−1
FG ∝ r−2
}
⇒ FL
FG
∝ r. (2.22)
Only closer to the Sun (<∼ 2 AU) will the radial component of the magnetic field play a larger role and
the Lorentz force and gravity are not linearly related, but relate as
FL
FG
∝
√
r2 + 1
r2
(2.23)
where r is given in AU; i.e., for distances less than 1 AU, FL ∝ FG. At 1 AU, FL = 1.4 FG and at 2 AU,
FL = 2.23 FG. The effects of the Lorentz forces are discussed in detail in Section 3.
Figure 2.8 gives an overview of the relative importance of the Lorentz force, solar gravitation, and solar
radiation pressure force, from Landgraf (1998). Solar gravitation and solar radiation pressure force were
combined into one “effective gravitation” term (see Eq. 2.3, Section 2.1.1). The ratio of the Lorentz force
to the effective gravitation is given as function of particle size a and distance to the Sun r. Assumed
is a β-particle-size dependency (β-curve) for astronomical silicates, from Gustafson (1994). The ratio of
gravity and radiation pressure force is 1 for particles of sizes of approximately 0.1 µm and 0.35 µm, which
can be seen in Fig. 2.8 from Landgraf (1998): gravity and radiation pressure cancel, and the Lorentz
force takes over entirely. The plot shows
|FG+rad|
|FL| =
|1− β(a)| Gmp(a3)Mr2
30U
ρa2 |vp,sw ×B(r)|
. (2.24)
2.1.3 Modeling the interplanetary magnetic field
The Sun expels a vast amount of plasma into the heliosphere: the solar wind. This plasma, streaming
radially outward, convects the magnetic field of the Sun along on its way into interplanetary space.
Because the Sun is rotating, the field lines are winding up, forming a spiral - the so-called Parker spiral
- parallel to the solar equatorial plane (Parker, 1958). In the Parker model, the radial component of
the IMF field strength Br decreases with the square of the distance to the Sun, while the azimuthal
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component Bφ decreases only linearly. The equations describing the IMF are
Br = ±B0 ·
(r0
r
)2
(2.25)
Bφ = ±B0 · ΩSun
VSW
· (r − r0) ·
(r0
r
)2
· sin(90◦ − θ) (2.26)
Bθ = 0 (2.27)
(Parker, 1958) where r, φ, and θ are the radial distance, the longitude and latitude of the position of the
dust particle in the solar wind, respectively (in a coordinate system that has its XY -plane in the solar
equatorial plane). In this model we assume one rotation every ' 25.38 days (sidereal period) for both
the poles and the equator of the Sun. Here, B0 = 2300 nT is the magnetic field strength at a reference
distance r0 from the Sun, which is the distance from the center of the Sun where the field lines are
assumed to go radially outward. The reference distance in the simulation model is 10 solar radii (Parker,
1958). The field strength at the Earth is 5 nT.
Equations 2.25 and 2.26 show that, at large distances, the IMF is dominated by its azimuthal component.
During solar minimum, the solar wind speed varies between about 400 km/s at the solar equator, and 800
km/s at higher latitudes. At solar maximum, the speeds are more moderate and more uniformly divided
over the Sun. For the model, we adapted a constant solar wind speed at all latitudes of 400 km/s. Since
the azimuthal component of the IMF is inversely linear to the solar wind speed, and since we assume that
the solar wind blows radially outward of the Sun, the Lorentz force becomes independent of the solar
wind speed (Gustafson and Misconi, 1979)1:
FL = Qm
 r˙eclp,r − r˙eclsw,rr˙eclp,φ − 0
r˙eclp,θ − 0
× B0 ·
(
r0
r
)2
B0·ΩSun
VSW
· (r − r0) ·
(
r0
r
)2 · sin(90◦ − θ)
0

(2.28)
with FL the Lorentz force, Qm the charge to mass ratio of the particle, r˙
ecl
p,r the radial velocity of the
particle in the ecliptic coordinate frame, r˙eclsw,r the radial solar wind velocity in the ecliptic coordinate
frame, and r˙eclp,φ and r˙
ecl
p,θ are the azimuthal and elevation components of the particle velocity in the ecliptic
coordinate frame.
The solar magnetic field is modeled as a dipole, where the magnetic field lines extend into interplan-
etary space. The Parker model determines the direction (shape) and strength of the IMF, but the
polarity of the field (positive when field lines are directed “outward” from the Sun, negative when they
are directed “inward” towards the Sun) depends on the position of the dust particle with respect to the
Heliospheric Current Sheet (HCS). The HCS divides the regions of positive polarity from the regions of
negative polarity and is modeled as a flat sheet in the simulations. The modeled HCS is aligned with
the solar equatorial plane during solar minimum, while at solar maximum, the ‘sheet’ is rotated by 90◦
and is aligned with the solar rotation axis. As a result, the modeled HCS turns 360◦, at a steady rate of
22 years around a reference axis2 in the solar equatorial plane. In the meantime, the HCS turns around
the solar rotation axis in 25.38 days. At solar maximum, an observer in the solar equatorial plane, would
thus see 50% of the time a negative polarity, and the other 50% of the time a positive polarity. Because
the equatorial plane of the Sun is tilted with respect to the ecliptic frame, an observer at the Earth will
observe two ‘sectors’ of opposite polarity during one solar rotation. In reality, the HCS is not flat but
slightly warped at solar minimum (hence, an observer at the Earth would observe more (e.g. four) sectors
of opposite polarity during one solar rotation), and during solar maximum there is no longer any clear
dipolar structure. However, the flat sheet model is a good approximation for our purposes.
1We assume that the particle charge does not change significantly because of the different solar wind plasma conditions.
2Axis in the solar equatorial plane that points to vernal equinox at time t0
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Figure 2.9: Computed tilt of the heliospheric current sheet, from Solar Wilcox Observatory (Hoeksema,
2011).
The field polarity in the model is thus determined by the phase of the solar cycle and the latitude
and longitude of the observer. Three different models of the IMF are included in the simulations, and
the choice of model to use depends on the particle location:
1. The HCS is modeled to turn at a steady rate of 22 years around a reference axis in the solar
equatorial plane, and the magnetic field strength at the location of a dust particle is averaged over
one solar rotation. The solar cycle reference time, t0, is July 1974, where the Sun was modeled to
be in solar minimum (HCS is aligned with solar equatorial plane, the northern solar hemisphere
has a positive polarity, and the southern solar hemisphere has negative polarity.
This model can be used when the speed of the particles is not too fast with respect to the rotation
of the Sun, which is the case for ISD. Since we average the IMF over one solar rotation, the results
are also only applicable to situations where shorter timescales are unimportant, i.e. outside 1-2 AU.
Landgraf (2000) has used these assumptions for the IMF modeling.
2. The HCS is modeled to turn at a steady rate of 22 years around a reference axis in the solar equatorial
plane, and the true local magnetic field is calculated at each location of the dust particles, instead
of averaging out over one solar rotation. This model is useful for calculations closer to the Sun,
for high time-resolution calculations, or for fast particles like nanodust with velocities of 100 to
200 km/s.
3. The HCS angle is determined by the modeling from solar data between 1976 and 2009 from the
Wilcox Solar Observatory (Hoeksema, 2011). The HCS angle is thus slightly different from the
angles of the steady-state rotation of the previously described model. The magnetic field is averaged
over one solar rotation. The HCS angle is shown in Fig. 2.9, from 1976 until 2009.
An overview of solar maxima and minima are given in Table 2.1. In model 1, the heliospheric current
sheet (HCS) turns at a steady rate during 22 years. In the WSO model, the angle of the HCS is derived
from solar magnetic field data from the Wilcox Solar Observatory (WSO) (Hoeksema, 2011).
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Year Year Min / Max Cycle
(model 1) (model WSO)
1974.5 1976 Min defocus
1980 Max defocus → focus
1985.5 1987 Min focus
1991 Max focus → defocus
1996.5 Min defocus
2002 2000 Max defocus → focus
2007.5 2009 Min focus
2013 2013 Max focus → defocus
2018.5 2018.5 Min defocus
2024 2024 Max defocus → focus
2029.5 2029.5 Min focus
Table 2.1: An overview of the modeled solar cycle.
2.1.4 Particle properties, β and Q/m
The study of the ISD dynamics is governed by three parameters that determine the path of the dust
through the solar system: β, Q/m, and time. The β determines the solar radiation pressure force to
gravity ratio, which reduces the number of parameters from four to the stated three. The ratio Q/m and
time (related to the phase of the solar cycle) determine the Lorentz force. Both β and Q/m are fairly
unknown, since we do not know the exact composition, mineralogy, structure, and material properties of
ISD. Realistic boundaries are set for these parameters through previous laboratory studies of dust and
astronomical observations of the ISD (Draine, 2009). We perform the dust simulations for a wide range
of parameters.
Discussion of parameter β
Dust particles are characterized by their mass, size, composition, and shape which affect the dynamics of
interstellar grains within the solar system. All of these parameters are not, or only weakly, constrained
for local interstellar grains. Astronomical observations of UV extinction and infrared emissions indicate
carbonaceous particles (polycyclic aromatic hydrocarbons, PAHs, or graphite grains) and amorphous sil-
icate grains. Analysis of in-situ Ulysses data by Landgraf et al. (1999a) suggests absorbing silicates for
the particles penetrating the planetary system. Compositional analyses of collected interstellar grains by
the Stardust mission are not available yet.
The interactions of dust with solar radiation are determined by the optical properties of the particle that
are a function of the particle parameters size, composition, and shape. In Eq. 2.4 the cross section Ap
and the efficiency factor Qpr for radiation pressure describe this interaction. For particles >> 1 µm, Qpr
is roughly constant and depends only on the absorption efficiency of the particle material at visible wave-
lengths. Since absorption occurs at the surface of the particles, surface composition is important rather
than bulk composition, which may be different. The size dependency of β is proportional to Apm ∼ 1aρ .
For particles < 1µm, scattering of sunlight also becomes important. The scattering efficiency can be
calculated for spherical particles by Mie-scattering theory and for particles that are much smaller than
the wavelength, Rayleigh scattering can be applied (Burns et al., 1979). For nonspherical particles, elab-
orate scattering algorithms have often been applied, and even laboratory simulations are used to obtain
relevant Qpr values for determining relevant β values (see Gustafson et al. (2001) for a review). Kimura
and Mann (1999) calculated β-curves for fluffy carbon and silicate particles (Fig. 2.10). Very fluffy frac-
tal particles are not likely to survive the harsh interstellar environment for long; therefore, we consider
compact particles to be nominal.
The β-curve for astronomical silicates (Gustafson, 1994) is adapted to the Ulysses observations to have
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Figure 2.10: β-curves from Kimura and Mann (1999) showing the influence of porosity on the β-value of
the dust, namely a flattening of the curve.
a maximum β-value of βmax = 1.6 (Landgraf et al., 1999a). This curve (see Fig. 2.11) is used to produce
7 nominal cases as defined in Table 2.2, which illustrates a few realistic sets of parameters and particle
sizes. However, since the properties of interstellar particles and their respective β-values are not strongly
constrained, we simulated dust trajectories for a wide range of β and Q/m values instead of following
only one curve.
Discussion of parameter Q/m
The electrical surface potential on dust particles in interplanetary space depends mostly on the ambient
solar wind parameters, density and flux, whereas the solar UV flux, hence the photo electron emission,
are not that variable. Photo electron emission yields have been determined experimentally for dielectric
and absorbing materials (Feuerbacher and Fitton, 1972). Dielectric materials have an electron yield of
about 0.1 times the yield of absorbing materials. Since the grain potential is determined by the balance
of plasma and photo electron currents, the equilibrium potential of dielectric grains is only slightly
reduced. For both materials we use a surface potential of +5 V, which is compatible with measurements
of dust charges on interplanetary particles (Kempf et al., 2004). There is a dependence on the shape
of the particle. Elongated or flat particles carry higher charges than spherical particles at the same
surface potential (Hill and Mendis, 1981). Very fluffy particles carry even higher charges than spherical
particles (Auer et al., 2007), however, these particles are also more susceptible to electrostatic disruption.
We conclude that the charge on interstellar grains deviates by less than a factor 2 from that of a spherical
particle.
Overview of used β and Q/m-values
State-of-the-art in-situ dust telescopes (Srama et al., 2004b; Sternovsky et al., 2010) will provide the
magnitude and direction of the interstellar dust flux at various times and positions in the planetary
system, in addition to the masses and speeds of individual particles. Recent measurements of interstellar
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Mass β Q/m Radius closest β-value
(kg) (...) (C/kg) (µm) in simulations
3.2E-15 0.5 0.125 0.73 0.5
4.1E-16 1.1 0.5 0.36 1.1
1.4E-16 1.4 1. 0.26 1.3
7.8E-17 1.5 1.5 0.21 1.5
2.8E-17 1.6 3. 0.15 1.5
9.6E-18 1.4 6. 0.11 1.3
3.5E-18 1. 12 0.07 1
Table 2.2: The mass, β, Q/m and radius used for the calculations of the size distribution. A density
ρ = 2 g/cm3, grain potential U = +5 V and the adapted astrosilicates β-curve is assumed. The radii and
Q/m-values correspond to the crosses in Figure 2.11.
grains by the dust detector onboard Ulysses (Krüger et al., 2007) provided the magnitude, direction,
and mass distribution of the interstellar dust flux between Earth’s and Jupiter’s orbits. To interpret
these measurements in terms of optical and physical properties of interstellar grains, we calculated dust
trajectories through the planetary system for a wide range of β and Q/m values, along with the starting
times over a complete solar cycle of 22 years (Fig. 2.11). Any measurement of the interstellar particle
flux (direction, speed) of a given particle mass at a given position and time can be compared with
possible trajectories that have the similar characteristics. Therefore, a set of measurements at different
positions, times, and/or particle masses will constrain the β and Q/m values for these particles, so it
will constrain the physical and compositional properties of interstellar grains. Previously Landgraf et al.
(1999a) succeeded at such an analysis using the effect of β on the mass distribution. Figure 2.11 gives
an overview of the parameters of the performed simulations.
2.2 Simulation tool
Monte Carlo simulations are performed for the trajectories of individual ISD particles through the he-
liosphere using the modeling as described in Sections 2.1 and 2.1.3. Hereby, the starting conditions for
these trajectories were varied arbitrarily in starting position and time. From these trajectories we derived
ISD density maps and fluxes throughout the solar system, by counting the amount of particles per grid
cell and per time bin. The dust dynamics follow the description of Section 2.1, which are largely the
same assumptions (except for the β and Q/m parameters) as in Landgraf (1998, 2000) since we used the
averaged magnetic field model for the simulations. Two other models of the IMF are implemented (see
Section 2.1.3) whose use depends on the speed for the dust and the distance to the Sun of the region we
are interested in. The simulations we ran have a statistical uncertainty of about 20%.
The simulations contain two possible coordinate systems: the J2000 ecliptic frame, and the “ISD simu-
lation frame”. The frames are depicted in Fig. 2.12. Quaternions were used to transfer the grain state
vector from the one to the other frame and vice versa.
Ecliptic frame
In the ecliptic frame, the dust flow is directed towards 79◦ longitude, -8◦ latitude (downstream) (Frisch
et al., 1999). The flow is thus roughly along the Y-axis (11◦ offset in the XY-plane, -8◦ offset in the
YZ-plane).
ISD frame
The Z-axis of the ISD frame is equal to the solar rotation axis, and the XY-plane is equal to the solar
equatorial plane. The X-axis is perpendicular to the Z-axis, and the XZ-plane is defined by the direction
of the velocity vector of the dust. In the XZ-plane, the dust flows mainly along the X-axis, with an offset
of about 7.5◦ in the -Z direction. The Y-component of the initial dust velocity vector is zero in this frame.
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Figure 2.11: Overview of the simulations performed with various β and Q/m values. All simulations are
done between 2010 and 2030, where densities and fluxes are binned per 100 days, and in a region of the
solar system in a box of 22AU around the Sun. The crosses denote these simulations (β and Q/m range),
while the curves are three examples of β-curves: two from Kimura and Mann (1999) and one ‘adapted’
astronomical silicates curve (Gustafson, 1994). The β-curves relate the β-parameter of a material to its
size. The sizes are consequently converted in corresponding charge-to-mass ratio, assuming a surface
potential of +5V and the material density according to the corresponding material (see Eq. 2.20).
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Figure 2.12: The ISD frame and the ECL frame.
2.2.1 Assumptions of the model
Several assumptions were made for modeling the dust dynamics of ISD in the solar system.
• The solar wind speed is constant.
• The potential of the dust grain is constant with the influence of solar wind speed and density
variations. The influence of grain shape/fractality is not considered.
• Differential rotation of the Sun is not taken into account, but is assumed to have nearly no influence
anyway.
• No assumptions are made yet about the incoming mass distribution of the particles. All results are
relative to the density, velocity and flux before entering the solar system.
• Filtering at the heliopause is not yet taken into account.
• The incoming submicrometer sized grain flux is modeled as monodirectional and homogeneous,
since it is coupled to the gas in the LIC.
With the dust dynamics, model description and assumptions in mind we are ready to discuss the resulting
ISD flow patterns and filtering of ISD size distribution in the solar system in the next chapter.
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The flow of interstellar dust into the solar system
The prime focus of this chapter is to show and explain the general flow patterns of ISD particles moving
through the solar system, to illustrate how they are affected by the three main forces and to describe
the filtering of ISD in the solar system by these forces. By doing this, we build upon the known and
simple cases (approximation of the ISD trajectories by a straight line, ISD trajectories affected only by
solar gravity and radiation pressure force, see Section 2.1.1) and expand to include now the influence of
the IMF on the flow patterns. This chapter aims at clarifying where in the solar system the simplified
dust trajectories can be used for spacecraft predictions or planetary science studies and where a full anal-
ysis including time-dependent Lorentz forces is needed. Getting insight in the general flow patterns of
the ISD will also show us where and when to look for the ISD in the solar system with in-situ instruments.
Section 3.1 describes quantitatively the resulting dust trajectories and variations in densities from the
simulations, first for grains that are influenced by the Lorentz force only (β = 1 grains, Section 3.1.1) and
then for solar radiation pressure, gravity and Lorentz forces alltogether (Section 3.1.2). This gives insight
in the complexity of the variations of the trajectories, and provides an answer to the question where
and when the straight-line approximation or solar-radiation-only approximation can be used. The ISD
density maps and fluxes throughout the solar system and throughout time were derived from a Monte
Carlo run where the time and starting locations of the trajectories were randomly varied. Because the
solar wind magnetic field was averaged over one solar rotation (25.38 days), the simulation results are
only appropriate for larger distances to the Sun, e.g. > 2 AU. Any conclusions concerning the interstellar
flux at 1 AU should be taken with caution. All particles are started at a distance of about 50 AU from
the Sun. For β = 1, Q/m = 0, they would reach the Sun about nine years later.
The filtering at the termination shock is discussed in Section 3.2 but is not further taken into account for
the calculations in this thesis.
Section 3.3 introduces a possible ISD size distribution in the LIC, the ‘MRN-distribution’, which is
taken as a reference in this thesis. Starting from this MRN-distribution and ignoring the filtering at the
termination shock we then study the dust size distribution for a fixed material (the ‘adapted astrosili-
cates’) in Section 3.4. We do this first for the gravity and radiation pressure only case (Section 3.4.1) and
then illustrate the influence of an additional Lorentz force along a line parallel to the nominal ISD flow,
upstream and downstream from the Sun (Section 3.4.2). This background knowledge is a preparation
for understanding Chapter 4 with applications of the modeling to the Saturn, Jupiter and asteroid belt
orbits and the Cassini, JUICE and Stardust missions.
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3.1 Trajectory simulations of ISD in the solar system
3.1.1 Hypothetical dust flow for Lorentz force ‘only’ (β = 1)
To show the influence of the Lorentz force clearly, we studied the trajectories for a particle with β = 1
and Q/m = 0.5 C/kg. To understand the effects of the Lorentz force on the ISD trajectories, we varied
Q/m up to 12 C/kg, keeping β = 1.
Q/m = 0.5 C/kg
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Figure 3.1: 3D-representation of a ‘sheet’ of particle trajectories with β = 1.0 and Q/m = 0.5 C/kg,
during the focusing phase of the solar cycle (left) and the defocusing phase of the solar cycle (right).
The start year is 2000 (left) and 1990 (right). The ‘sheet’ of particles is started along the Y-axis of the
ISD frame. The focusing towards the solar ecliptic plane is visible (left), but at the same time there is
a ‘defocusing’ in the XY-plane (see projection), downstream of the Sun. For the defocusing case (right
plot), the particles are defocused with respect to the solar equatorial plane, but they are focused in the
XY-plane (see projection) downstream of the Sun.
The special configuration of the interstellar flow (close to the solar rotation equator) and the dominant
azimuthal component of the magnetic field at low latitudes (in the outer solar system), are the reasons that
Lorentz force acts mostly normal to the equatorial plane. The axial symmetry of the radiation-pressure-
only case is therefore broken. We demonstrate this effect by showing dust trajectories in two sheets:
one close to and parallel to the solar rotational equator (Figs. 3.1)1 and another sheet perpendicular to
the equatorial plane (Figs. 3.2, 3.3). The dominant deflection of trajectories occurs close to the Sun in
a direction perpendicular to the equatorial plane. The varying magnetic field configuration during the
22-year solar cycle has a focusing and defocusing effect roughly 11 years later (Morfill and Grün, 1979).
The maximum defocusing effect occurs for particles launched 50 AU from the Sun in ∼1990 (Fig. 3.2,
right) followed by almost no deflection in 1995 (Fig. 3.3) while the maximum focusing effect occurs for
particles launched in ∼2000 (Fig. 3.2, left). For particles launched in 2006, already significant defocusing
can be observed when they reach the region of the Sun. In the focusing period, particles get decelerated
by the solar wind magnetic field, while their trajectories are bent towards the current sheet. The opposite
occurs during the defocusing period when the particles are accelerated away from the current sheet.
While upstream at Kuiper belt distance (> 30 AU), the ISD trajectories can be considered straight lines
(Fig. 3.4, 3.5), strong deflections, both in distance, angle, and modifications in speed already occur at
the (upstream) distance of Saturn (10 AU). At Jupiter’s distance (5 AU), only trajectories close to the
solar equatorial plane can be approximated with straight lines. The solar equatorial plane is tilted with
∼7◦ from the ecliptic plane, so at the distance of Saturn, this is as much as 1.2 AU above or below the
1Figs. 3.1, left and right, look very alike, but are actually very different. In Fig. 3.1 (left), the grains are focused upstream
towards the Sun, pass the solar equatorial plane (‘southward’ from the Sun), and are then bent again towards the north,
from the focusing effect of the solar cycle. In Fig. 3.1 (right), the particles remain in the northern solar hemisphere because
they are repelled by the Lorentz forces (defocusing phase), and are further repelled after having passed the Sun.
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Figure 3.2: 3D-representation of a ‘sheet’ of particle trajectories with β = 1.0 and Q/m = 0.5 C/kg
during the focusing phase of the solar cycle (left) and the defocusing phase of the solar cycle (right).
The start year is 2000 (left) and 1990 (right). The particles are started in a ‘sheet’ along the Z-axis to
illustrate the focusing and defocusing effect of the Lorentz force with respect to the solar equator. In
general, during the focusing phase of the solar cycle, the particles are decelerated in the neighborhood
of the Sun whereas during the defocusing phase the particles are accelerated in the neighborhood of the
Sun. Since β = 1, we only see the influence of the Lorentz forces (not the radiation pressure force or
gravity).
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Figure 3.3: β = 1.0, Q/m = 0.5 C/kg. Start year is 1995 (left) and 2006 (right). The phase of the solar
cycle is just after the solar maximum from the defocusing to focusing cycle (left) and just after the solar
maximum from the focusing to defocusing cycle, resulting both in only moderate deflections.
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ecliptic plane.
The ‘closest approach’ distances of trajectories (Fig. 3.6) show the effect of focusing and defocusing due
to the Lorentz force. In Fig. 3.6 (left), the areas where particles reach a certain minimum distance to
the Sun (solid lines) is extended in the polar direction indicating that particles that were initially farther
away from the beam axis get closer to the Sun than particles on straight line trajectories. So in Fig. 3.6
(left), the particles are focused towards the Sun along the Z-direction. In the Y-direction, there is little or
no focusing or defocusing at the closest distance to the Sun, with respect to the straight line case (β = 1,
Q/m = 0). In defocusing periods, the range where particles reach a certain minimum distance is shrunk
in the polar direction (Fig. 3.6, right). The particles are defocused from the solar equatorial plane. In
the Y-direction, there is little or no focusing or defocusing at the time the particle is closest to the Sun,
with respect to the straight line case (β = 1, Q/m = 0).
The dust density enhancements and depletions near the solar equator are best seen in the scatter plots
(Figs. 3.7). Although density variations can be seen upstream of the Sun (-5 AU), the effects are strongest
downstream of the Sun. While the dust densities decrease close to the solar equator during the defocusing
period, density enhancements at higher latitudes can be observed. Also the deceleration during focusing
periods and acceleration during defocusing periods are visible.
The ISD densities inside a cube of 22 AU width are displayed in Figs. 3.8. At 50 AU from the Sun, dust
particles were continuously launched at random times within a time range of about 45 years. The dust
densities in the inner solar system at different times from 1996 to 2018 show strong density variations.
From 1996 to about 2006 the dust densities were generally lower than the initial densities, whereas the
densities were higher afterwards (2000–2018). The solar minimum of the defocusing cycle is in mid-1996.
The maximum effect of this on the density is about three years later. Solar maximum is in 2002 and
the solar minimum of the focusing cycle is in mid-2007 (see Table 2.1). Again the effect of this on the
density occurs about three years later in 2010. This time lag of several years is caused by the long travel
time (about 9-10 years) in the region where the solar wind magnetic field significantly affects the dust
trajectories. The focusing and defocusing effects are most prominent near the ecliptic, while the dust
densities display a more complex variation at higher latitudes.
Q/m = 1.5 C/kg
Trajectories of dust particles with Q/m = 1.5 C/kg are strongly scattered by the solar wind magnetic field
(Figs. 3.9). Again the strongest deflection occurs in the vertical sheet of trajectories. A strong defocusing
effect can be observed for grains started in 1990, whereas for 2000 particles are strongly bent towards the
equatorial plane. Some trajectories that approach close to the Sun during the focusing cycle even cross
the equatorial plane in front of the Sun. Again particles’ speed are accelerated and decelerated at even
stronger levels than at lower Q/m values. Only at Kuiper belt distances is the deflection upstream from
the Sun is small and the trajectory can be approximated by straight lines. Everywhere else trajectories
have to be calculated more accurately.
During the focusing cycle dust densities are strongly enhanced 5 AU upstream of the Sun in the equa-
torial plane (Fig. 3.10, right). Close to the Sun and downstream from the Sun in the central part of the
beam, the dust slows down and the dust densities decrease, while the enhancements move outward in the
equatorial plane. During the defocusing cycle, the dust densities are strongly depleted near the equatorial
plane whereas at high latitudes dust concentrations develop downstream from the Sun (Fig. 3.10, left).
The contrast between dust concentrations during the focusing cycle and density depletions during defo-
cusing periods (Figs. 3.11) becomes even stronger than for Q/m = 0.5. The depletions are stronger and
the concentrations are higher.
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Figure 3.4: Absolute differences in position (red = difference d > 1 AU), velocity (d > 5 km/s) and
direction (d > 5◦) in different ‘sliced’ planes at different distances from the Sun. The case for β = 1,
Q/m = 0.5 C/kg is compared to the straight-line approximation (β = 1, Q/m =0). Start year is 1990 at
-50 AU from the Sun. The phase of the solar cycle is the defocusing phase.
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Figure 3.5: Absolute differences in position (red color = difference d > 1 AU), velocity (d > 5 km/s) and
direction (d > 5◦) in different ‘sliced’ planes at different distances from the Sun. The case for β = 1,
Q/m = 0.5 C/kg is compared to the straight-line approximation (β = 1, Q/m =0). Start year is 2000 at
-50 AU from the Sun. The phase of the solar cycle is the focusing phase.
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Figure 3.6: Closest distances of the particles to the Sun, projected on a plane, during their trajectory for
β = 1, Q/m = 0.5 C/kg, during the focusing phase of the solar cycle (left) and the defocusing phase of
the solar cycle (right). The axes show the original position of the ISD particles in AU, in the ISD frame,
while the numbers in the contour lines show their closest approach distances. The dotted lines are the
reference case where β = 1 and Q/m = 0. (Particles fly in straight lines, thus the dotted contour lines
are circles.)
Q/m = 3 to 12 C/kg
Trajectories of interstellar grains of 1.5 C/kg during the focusing cycle (Fig. 3.9, right) already displayed
significant deflection upstream of the Sun. To study this effect we increased Q/m to 3 C/kg (Fig. 3.12,
left). Trajectories in the horizontal sheet displayed minimum deflections, whereas trajectories with impact
parameters < 20 AU in the vertical sheet were completely reflected upstream of the Sun. Only trajectories
with impact parameters > 20 AU were able to pass the Sun.
Even more bizarre are trajectories of Q/m = 12 C/kg particles in the vertical sheet (Fig. 3.12, right).
Here, all particles with impact parameters < 30 AU are reflected onto trajectories with high elevation
angles. However, trajectories with impact parameters < 10 AU can reach close proximity to the Sun
before they are reflected. Their motion resembles trajectories of charged particles bouncing back in the
high field region of a magnetic mirror. The motion of dust particles towards the Sun is coupled with a
strong deceleration, while particles retreating from the Sun are initially strongly accelerated. During the
defocusing cycle they are strongly diverted away from the Sun but maintain their general downstream
motion (Fig. 3.13). During this deflection the particles are strongly accelerated and reach speeds twice
their initial speed. At high latitudes (10-15 AU above the equatorial plane), higher concentrations of
particles are found during defocusing periods.
The densities of these particles in the inner planetary system are rather low (Figs. 3.14). These particles
cannot reach the inner planetary system most of the 22-year solar cycle. Only for a short period after
the maximum focusing configuration particles are concentrated close to the ecliptic plane. Upstream at
10 AU these particles are more abundant.
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Figure 3.7: Several cross-sections through the trajectories at different distances from the Sun (-5 AU,
0 AU, and 5 AU) in the ISD-frame. The trajectories shown are for particles with β = 1.0 and Q/m = 0.5,
started in 2000 at -50 AU from the Sun. The focusing effect of the Lorentz force is visible (left) and the
defocusing effect is visible (right) that results in a void downstream from the Sun. This plot is directly
comparable to the two corresponding trajectory plots (Figs. 3.1 and 3.2) for the left plot, and Figs. 3.1
and 3.2 for the right plot.
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Figure 3.8: Variation in relative densities in the solar system, due to the Lorentz force (β = 1,
Q/m = 0.5 C/kg). Observing times are from left to right and top to bottom: 1996, 1998, 2000, 2002, 2004,
2006, 2008, 2010, 2012, 2014, 2016, 2018. The solar minimum of the defocusing cycle is in mid-1996. The
solar minimum of the focusing cycle is in mid-2007. The maximum effect of this on the density is about
3 years later. Solar maximum is in 2002, and the solar minimum of the focusing cycle is in mid-2007.
Solar maximum is in 2013, and the solar minimum of the next defocusing cycle is in mid-2018.
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Figure 3.9: β = 1.0, Q/m = 1.5 C/kg. Start year 1990 (left) and 2000 (right), at -50 AU from the
Sun. The main effect is defocusing (left) and focusing (right). Particles are even already clearly focused
upstream of the Sun (right plot).
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Figure 3.10: Cross-section of the trajectories during the defocusing phase of the solar cycle (left) and
the focusing phase of the solar cycle (right). Start year was 1990 (left) and 2000 (right), β = 1,
Q/m = 1.5 C/kg.
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Figure 3.11: Variation in relative densities in the solar system, due to the Lorentz force (β = 1,
Q/m = 1.5 C/kg). Observing times are from left to right and top to bottom: 1996, 1998, 2000, 2002, 2004,
2006, 2008, 2010, 2012, 2014, 2016, 2018. The solar minimum of the defocusing cycle is in mid-1996. The
solar minimum of the focusing cycle is in mid-2007. The maximum effect of this on the density is about
3 years later. Solar maximum is in 2002, and the solar minimum of the focusing cycle is in mid-2007.
Solar maximum is in 2013, and the solar minimum of the next defocusing cycle is in mid-2018.
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Figure 3.12: β = 1.0, Q/m = 3 C/kg (left) and Q/m = 12 C/kg (right). Start year 2000, at -50 AU of
the Sun. In the left plot, the particles are strongly focused, even upstream from the Sun. Particles with
a low impact factor are reflected, while particles with an impact factor greater than about 20 AU are
seen to pass downstream from the Sun. In the right plot, the particles are reflected upstream of the Sun
and accelerated to high speeds. Particles with a low impact factor get far into the inner solar system
(hypothetically assumed they are not already filtered at the heliosphere) and are reflected upstream of
the Sun.
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Figure 3.13: β = 1.0, Q/m = 12 C/kg. Start year 1990, at -50 AU from the Sun. The particles are
strongly deflected away from the solar equatorial plane, and are accelerated to high speeds on their way
out of the solar system.
Figure 3.14: Variation in relative densities in the solar system, due to the Lorentz force (β = 1, Qm =
12 C/kg). Observing times are from left to right and top to bottom: 1996, 1998, 2000, 2002, 2004, 2006,
2008, 2010, 2012, 2014, 2016, 2018. The solar minimum of the defocusing cycle is in mid-1996 and of the
focusing cycle is in mid-2007. The maximum effect of this on the density is about 3 years later. Solar
maximum is in 2002, and the solar minimum of the focusing cycle is in mid-2007. Solar maximum is in
2013, and the solar minimum of the next defocusing cycle is in mid-2018.
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Particle radius β Q/m
(µm) (...) (C/kg)
0.5 0.5 0.2
0.3 1 0.5
0.2 1.5 1.5
0.06 1 12
Table 3.1: β and Q/m values for nominal interstellar particles close to the hypothetical β-curve for
astronomical silicates with βmax = 1.6.
−40 −20 0 20 40
−30
−20
−10
0
10
20
30−30
−20
−10
0
10
20
30−50 −30 −10 10 30 50
−40
−20
0
20
40
−40
−20
0
20
40
−50 −30 −10 10 30 50
−30
−20
−10
0
10
20
30
−20
−10
0
10
20
3
X (AU)
Y (AU)
Z (AU)
  Sun
3
7
11
14
18
22
26
−40 −20 0 20 40
−30
−20
−10
0
10
20
30−30
−20
−10
0
10
20
30−50 −30 −10 10 30 50
−40
−20
0
20
40
−40
−20
0
20
40
−50 −30 −10 10 30 50
−30
−20
−10
0
10
20
30
−20
−10
0
10
20
3
X (AU)
Y (AU)
Z (AU)
  Sun
15
17
19
20
22
24
26
Figure 3.15: β = 1.5, Q/m = 1.5 C/kg. Start year 2000, at -50 AU from the Sun. The particles are
focused towards the solar equatorial plane and for low-impact parameters they are reflected upstream
of the Sun (left plot). The effect is a bit stronger than without radiation pressure force (compare with
Fig. 3.9). On the right, it is visible that the particles are focused towards the solar equatorial plane, but
a void region downstream of the Sun is visible that resembles the a β-cone. Fig. 3.17 (right) completes
this picture.
3.1.2 Flow of nominal ISD particles (β = 1.5, Q/m = 1.5 C/kg)
In the previous sections we studied the trajectories for hypothetical particles with radiation pressure
alone (Section 2.1.1) and Lorentz force ‘only’ (Section 3.1.1). However, some of these discussions apply
to the flow of real interstellar grains. In Table 3.1, the β and Q/m values are given for nominal interstellar
particles close to a hypothetical β-curve for astronomical silicates with βmax = 1.6.
For 0.5 µm particles (Q/m = 0.2 C/kg), the Lorentz force effects are considered to be small, so the case
discussed in Section 2.1.1 (β = 0.5 and Q/m = 0 C/kg) is close to these big particles. Here we only consider
the case for 0.2 µm particles (β = 1.5, Q/m = 1.5 C/kg) in order to see what the additional radiation
pressure effects are. In Section 3.1.1 we discussed the case of particles with β = 1 and Q/m = 1.5 C/kg.
Now we want to see what the additional radiation pressure effect is (β = 1.5). Comparing Fig. 3.9 (β = 1)
with Fig. 3.15 (β = 1.5) we see that the additional deceleration by radiation pressure causes a stronger
deflection upstream of the Sun. Downstream from the Sun, only particles with large impact parameters
are found. The exclusion zone (Fig. 3.15, right) of the horizontal trajectory sheet resembles the exclusion
zone of the radiation-pressure-only case (Fig. 2.2, right). During the defocusing cycle the exclusion zone
becomes even wider (Fig. 3.16), and the particles are moderately accelerated.
The scatter plots (Fig. 3.17) at different slices along the beam resemble the Lorentz-force-only cases
(Figs. 3.10) except for the shape of the central hole around the beam axis (cf. Fig. 2.5 for the radiation-
pressure-only case). During the focusing period, higher concentrations of particles are found close to
the equatorial plane but outside the exclusion zone. During the defocusing period particles are strongly
concentrated at high latitudes above the solar poles.
The ISD densities during the defocusing period are strongly reduced in the inner planetary system
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Figure 3.16: β = 1.5, Q/m = 1.5 C/kg. Start year 1990, at -50 AU from the Sun. The particles are
defocused from the solar equatorial plane
(Fig. 3.18). During focusing periods, density enhancements of up to a factor 2 or more are found close
to the ecliptic plane except in the exclusion zone, which is void of particles.
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Figure 3.17: Cross-section of the trajectories during the defocusing phase of the solar cycle (left) and
the focusing phase of the solar cycle (right). Start year was 1990 (left) and 2000 (right), β = 1.5,
Q/m = 1.5 C/kg. The void region downstream from the Sun is enhanced by the Lorentz force in
comparison with the β-only case, and high dust concentrations are visible at higher latitudes (left plot).
A β-cone-like structure is visible (right), but its cross-section is not circular anymore (compare to Fig. 2.5).
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Figure 3.18: Variation in relative densities in the solar system, due to the Lorentz force (β = 1.5, Q/m
= 1.5 C/kg). Observing times are from left to right and top to bottom: 1996, 1998, 2000, 2002, 2004,
2006, 2008, 2010, 2012, 2014, 2016, 2018. The solar minimum of the defocusing cycle is in mid-1996. The
solar minimum of the focusing cycle is in mid-2007. The maximum effect of this on the density is about
3 years later. Solar maximum is in 2002, and the solar minimum of the focusing cycle is in mid-2007.
Solar maximum is in 2013, and the solar minimum of the next defocusing cycle is in mid-2018.
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3.2 Filtering of ISD at the heliopause
When interstellar dust grains enter the solar system, they pass several transition regions where magnetic
field and plasma properties - and thus grain charging and Lorentz forces - change. First, the grains
“encounter” the bow shock at about 250 AU where the gas of the LIC slows down to subsonic speeds.
After the bow shock, the magnetic field strength increases but is still governed by the magnetic field
of the LIC. Then, the grains encounter the zone where the LIC gas and the solar wind stagnate: the
heliopause. Inside the heliopause (probably about 120 AU from the Sun), the solar wind dominates but is
still subsonic. At about 80 AU from the Sun, the solar wind becomes supersonic at the termination shock.
The region between the heliopause and the termination shock is called the heliosheath. Its magnetic field
is influenced by the magnetic field of the solar wind, but it is now also known to be filled with turbulent
plasma (Opher et al., 2011).
The grains in the undisturbed LIC are typically charged to have an equilibrium potential of 0.5 V (Grün
and Svestka, 1996). When entering the transition region to the heliosphere, they get charged to equi-
librium potentials of up to ten times higher (Linde and Gombosi, 2000) and experience the increased
magnetic field strengths. The smallest grains (highest charge to mass ratio) get filtered out and are
carried around the heliosphere. Linde and Gombosi (2000) have modeled this filtering between the bow
shock and the termination shock and found that grains get filtered between sizes of 0.1-0.2 µm, including
the recharging. Slavin et al. (2010) modeled the exclusion of small grains from the heliosphere, using
full magnetohydrodynamics modeling, and concluded that 0.1 µm grains are strongly filtered but some
particles can still get into the inner heliosphere, whereas 0.01 µm grains seem to be totally filtered out.
For these results, the findings of (Opher et al., 2011) have not yet been included, only silicates were
assumed which get higher charges (Kimura and Mann, 1998), plasma temperatures in the heliosheath
are lower than expected (Richardson et al., 2008; Slavin et al., 2010) and thus charging could be milder.
Both Linde and Gombosi (2000) and Slavin et al. (2010) calculated the deviation of the grains for a
“defocusing” configuration of the interplanetary magnetic field in the heliosheath (positive magnetic field
polarity at the north ecliptic pole). It is well possible that during other periods of the solar cycle, smaller
grains get better through than presented here, due to focusing at the heliosphere boundary (Slavin, 2012,
pers. communication). More research is needed to get this clear. The filtering at the heliospheric bound-
ary is hereafter referred to as “primary filtering”. The ISD grains that do pass the heliopause may still be
filtered out from the inner solar system by solar radiation pressure force and Lorentz forces. This kind of
filtering is referred to hereafter as “secondary filtering” and is described in Section 3.4 after introducing
the ISD size distribution in the LIC in the next section.
3.3 The ISD size distribution in the LIC
Our current knowledge of the LIC comes mainly from astronomical observations. Information on the
size distribution and composition of interstellar dust is obtained from the wavelength-dependent extinc-
tion and polarization of starlight, and from astronomical observations of absorption features from UV
to infrared wavelengths; light scattering in the visible and ultraviolet, small-angle scattering of X-rays,
thermal emission from infrared to sub-mm wavelengths, and microwave radiation from spinning dust.
The extinction curve was reproduced very well by the two component size distribution of Mathis, Rumpl
and Nordsieck (Mathis et al., 1977). This MRN size distribution ranges from 5 to about 1000 nm in
size (corresponding to masses of about 10−21 to 10−14 kg assuming a density of 2 g/cm3). The observed
interstellar extinction over the UV to near-IR wavelength was fitted with a very general particle size
distribution of graphite and amorphous silicates. The size distribution is a power law with an exponent
of -3.5. The size distribution for graphite is about 5 to 1000 nm, the silicate distribution is narrower: 25
to 250 nm. The number of large particles is not well constrained by extinction measurements because
they do not contribute much to the visible extinction as they are gray.
Each one of the clouds in the Local Bubble has its own density and temperature, and it is not un-
thinkable that they have different dust compositions and size distributions. Since our current knowledge
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of the LIC comes mainly from astronomical observations averaged over several kiloparsecs, care needs to
be taken about the assumption whether the MRN distribution is fully representative for all dust in the
LIC.
Although there are more modern and more detailed size distributions of interstellar dust in the dif-
fuse interstellar medium (e.g. Weingartner and Draine (2001), and Zubko et al. (2004)) we will use the
MRN size distribution as a simple representation of dust in the LIC.
The MRN size distribution of grains in the diffuse interstellar medium is given by a power law
dn = AnHa−α da (3.1)
with the number of grains dn within the size interval da, slope α = 3.5, and A = 7.76 10−26 cm−2.5 per H
nucleus (Mathis et al., 1977). In this thesis, we will assume nH = 0.3 cm−3, a typical value for the local
interstellar medium (Frisch et al., 1999). The grain sizes, a, range from 5 to 250 nm (m = 1.7 10−21 kg to
2.2 10−16 kg). For size distributions covering a wide mass range, it is convenient to use the logarithmic
differential distribution.
The differential number (n), mass number (nm) and cross-sectional number distributions (nA) with
respect to grain size a can be calculated from Eq. 3.1:
dn
d(log a)
= ln 10 AnHa1−α (3.2)
dnm
d(log a)
= ln 10 AnH
4ρpi
3
a4−α (3.3)
dnA
d(log a)
= ln 10 AnHpia3−α (3.4)
The logarithmic mass number distribution as function of mass is then given by
dn = CMRN ×m
1−α
3 d(log m) (3.5)
with the constant
CMRN = AnH
(
3
4piρ
) 1−α
3 1
3
ln 10 (3.6)
The logarithmic differential (number) distribution shows the amount of grains per logarithmic mass
interval (see Fig. 3.19, left). The smaller grains are more abundant than the larger ones. In order to
know how the mass is distributed amongst the grain sizes, we multiply the logarithmic differential number
distribution with the mass of the grains to get the logarithmic differential mass distribution:
dnm = CMRN ×m
4−α
3 d(log m) (3.7)
Although the smaller ISD grains are more abundant in number, the largest part of the mass resides
in larger grains (see Fig. 3.19, middle). The total mass thus depends on the largest of the grains that
are present. The logarithmic differential cross-section distribution is important because of emission,
scattering and absorption of light which depends on the grain cross-section. It is derived by multiplying
the differential number distribution with the cross-sectional area of the grains:
dnA = CMRN pi
(
3
4piρ
)2/3
×m 3−α3 d(log m) (3.8)
The logarithmic differential cross-section distribution is shown in Fig. 3.19 on the right and it shows that
the smallest grains are dominating the total “cross-section” of the grains (thus making them dominate as-
tronomical observations), but their slope is less steep than for the logarithmic differential number density.
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In-situ dust instruments (e.g. like the Ulysses dust detector) count particles above a given mass thresh-
old, therefore cumulative distributions are important. The slope of these cumulative distributions is the
same as the corresponding differential logarithmic distribution. The cumulative distributions (number of
grains above a threshold mass) can be calculated using:
N =
∫ m2
m1
1
ln 10
CMRNm
−2−α
3 dm (3.9)
=
3
ln 10 (1− α)CMRN (−m
1−α
3
1 ) (3.10)
(3.11)
d(log m) d(log a) N(m)
dn 1−α3 1− α 1−α3
dnm 4−α3 4− α 4−α3
dnA 3−α3 3− α 3−α3
Table 3.2: The slopes of the logarithmic differential densities; they are the same as the cumulative density
distributions. For the MRN-distribution, α = 3.5
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Figure 3.19: The MRN distributions for a Hydrogen density of 0.1, 0.2 and 0.3 cm−3 (dashed, dotted
and continuous line) and the ISD distributions from Ulysses data (stars). The left plot shows the number
density, the middle plot the mass number density and the right plot the cross section number density.
The cut-off for silicate grains in the MRN-distribution is indicated with a vertical dashed line at 0.25 µm
(1.3 · 10−16 kg) and for carbon grains at 1 µm (8.4 · 10−15 kg).
3.4 The size distribution of ISD in the inner solar system
Chapters 2 and 3.1 describe quantitatively the mechanism as well as the effects of it on the flow of ISD
grains in the solar system. Here, we go one step further and investigate the effect of this filtering on the
size distribution of the dust. We start with the simple case of solar radiation pressure and solar gravity
only (Section 3.4.1), and expand then to include the Lorentz force (Section 3.4.2).
3.4.1 Gravity and radiation pressure only
In Sectionsec:radpressure the dynamics by solar gravity and radiation pressure alone of ISD grains is
described. Fig. 2.11 shows some examples of β-curves for different materials. Generally, β increases
with decreasing particle size or mass until the size is comparable to the effective wavelength of sunlight
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below which β decreases again. While particles with β < 1 are attracted and focused behind the Sun,
particles with β > 1 are repelled by the Sun and an exclusion zone forms around and behind the Sun
(Fig. 2.2, Section 2.1.1). Particles with β < 1 are also accelerated closer to the Sun whereas particles
with β > 1 are slower when they come closer to β-cones. This different behavior of particles of different
sizes (β-values) has as consequence that the size distribution of ISD inside the heliosphere varies from
the size distribution outside the heliosphere just from the effect of radiation pressure alone.
In order to demonstrate this effect we have evaluated the relative ISD density (Eqn. 2.15, Section 2.1.1)
in a plane along the flow axis of the incoming ISD as function of the particle mass, assuming the adapted
astronomical silicates β-curve (Section 2.1.4). This variation of the relative mass distribution is shown
in Fig. 3.20 from E. Grün. Well in front of the Sun, the density variation as function of particle mass is
small, i.e similar to the density at the heliospheric boundary. However, it becomes significant around and
behind the Sun. Particles with β > 1 become depleted in the paraboloid-shaped exclusion zone around
and behind the Sun while particles with β < 1 are focused behind the Sun. Such a bite-out feature in
the mass distribution has been observed in the Ulysses data (Landgraf et al., 1999a) and was used to get
information of the β-values of interstellar grains. The enhancement of particles smaller than 10−17 kg
will be reduced or enhanced due to electromagnetic interactions (see below).
Fig. XX3 Variation of the interstellar dust density in a 1 AU column around the axis of
the interstellar dust flow as a function of particle mass and distance from the sun.
Density 0 was set to the bottom of the diagram at 0.1. The blue lines denote the plane of
density level of 1. 
Figure 3.20: Variation of the interstellar dust density in a 1 AU column around the axis of the interstellar
dust flow as a function of particle mass and distance from the Sun. Density 0 was set to the bottom
of the diagram at 0.1. The blue lines denote the plane of density level of 1. The adapted β-curve for
astronomical silicates was assumed. Source: E. Grün
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3.4.2 Effects along the interstellar flow axis including Lorentz forces
In Section 2.1.2 we explain in some detail the dynamical interaction of charged dust particles with the
interplanetary magnetic field. In the following we will display smoothed values of the interstellar relative
dust flux (relative to the flux value at the outer boundary of the simulation) and speed for different points
in space and time covering roughly the Q/m and β ranges shown in Fig. 2.11.
We illustrate the combined effect of the Lorentz force, solar gravity and solar radiation pressure force on
the dust size distribution along the flow-axis of the dust towards the Sun, in analogy with Section 3.4.1.
We plot the relative flux and relative velocity in color-scale as a function of β and Q/m on the vertical
and horizontal axes (Figs. 3.21 – 3.24). The β-Q/m plots are constructed from a matrix of 70 simulations,
as shown in Fig. 2.11, where the simulation results are interpolated (in 2D) to fill the whole β-Q/m space.
The solid line in Figs. 3.21 – 3.24 shows the β-curve for the nominal (adapted) astronomical silicates.
We do this for the locations of -10 AU (upstream), -5 AU, -3 AU and 3 AU (downstream) at a specific
time. In order to show the effect of the solar cycle, we selected a time in the year 2000 (max. effect
of the defocusing phase) and 2011 (max. effect of the focusing phase). This is about 3 years after the
optimum focusing/defocusing field conditions (Table 2.1) because interstellar grains need that time in
order to display an enhanced density near the ecliptic plane.
At 10 AU upstream (-10 AU, Fig. 3.21) the flux of big particles (Q/m < 1) is little affected by the
Lorentz-force. Only the flux of small particles is reduced during the defocusing phase around year 2000.
Eleven years later the flux of small particles (1 < Q/m < 5) is enhanced especially for high β values.
The speed of β ≤ 1 particles has increased in comparison of that at the heliospheric boundary whereas
that of β ≥ 1 particles has decreased. For the grains with Q/m > 8 C/kg in the defocusing phase, no
velocity is drawn where the flux is zero. Closer to the Sun (-5 AU, Fig. 3.22) these effects become more
pronounced except that during the focusing phase the flux of very small grains (Q/m > 8) is enhanced
because these particles are deflected from higher latitudes to the ecliptic plane.
At 3 AU upstream (-3 AU, Fig. 3.23) the effect of the β-cone becomes obvious in the flux of large β
(> 2.5) particles, which is strongly reduced. In addition the flux of small particles (Q/m > 1) becomes
strongly modulated by the electromagnetic interaction during the focusing and defocusing phases. Down-
stream from the Sun close to the interstellar flow axis (3 AU, Fig. 3.24) only particles with β < 1 can be
found, the biggest of which (Q/m < 2) show an enhanced flux due to gravitational focusing. Again the
flux of small particles (Q/m > 2) is strongly modulated by the electromagnetic interaction. The further
downstream, the more abrupt the β-cone appears in terms of enhancement (gravitational focusing) and
depletion (β-cone) of dust.
In the following paragraph we analyze how the size distribution of the nominal astronomical silicate
particles (solid line in the preceding diagrams) is changing along the flow axis of interstellar dust. For all
sizes given in Table 2.2 we obtain the relative flux values at the corresponding β and Q/m positions (cf.
Figs. 3.21 – 3.24) and multiply them with the reference MRN size distribution. In Figure 3.25 we display
the resulting size distribution at different epochs during the solar cycle for each of the positions along the
flow axis of the dust (-10, -5, -3, and 3 AU). We show for an initial MRN size distribution the number
density and the plain enhancement or reduction factor that can be applied to any size distribution we
choose. The filtering at the heliopause is ignored. The dotted straight line is the original MRN distribu-
tion (and extrapolation) for nH = 0.3 cm−3. The black straight line is the MRN-distribution range for
which simulations were done.The crosses in Fig. 3.25 are not interpolated like in Figs. 3.21 – 3.24, but
are the exact simulation results for 7 different Q/m-values. The density of the grains assumed is 2 g/cm3
and the assumed interstellar density of H atoms is 0.3 cm−3.
Far upstream at -10 AU, the number density is reduced at the defocusing phase of the solar cycle
for all grain sizes (year 2000: red line top row of Fig. 3.25). During the focusing phase, it is enhanced
and because of the complexity of the interplay of β-cone with Lorentz force, the enhancements occur at
different sizes in the size distribution, for different positions in the solar system (compare in Fig. 3.25 the
position of the peak of the blue line of -10 AU (top row) with the peak of the blue line of -5 AU (second
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row)). During the defocusing phase, the smallest grains get filtered out (e.g. the most left point of the
red line).
Upstream (-10 to -3 AU in Fig. 3.25), the size distribution for the largest grains (mass = 3 · 10−15
kg) follow more or less the MRN distribution. However, downstream (+3 AU in Fig. 3.25) these large
grains are focused by gravitational focusing (low β) and hence, the fluxes are enhanced by a factor of up
to 10.
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Figure 3.21: The relative flux (left) and relative velocity (right) at -10 AU (upstream) from the Sun for
the defocusing phase (2000, day 182, top figures) and the focusing phase (2011, day 182, bottom figures).
The adapted astronomical silicates curve is shown as a black/white line.
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Figure 3.22: The relative flux (left) and relative velocity (right) at -5 AU (upstream) from the Sun for
the defocusing phase (2000, day 182, top figures) and the focusing phase (2011, day 182, bottom figures).
The adapted astronomical silicates curve is shown as a black/white line.
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Figure 3.23: The relative flux (left) and relative velocity (right) at -3 AU (upstream) from the Sun for
the defocusing phase (2000, day 182, top figures) and the focusing phase (2011, day 182, bottom figures).
The adapted astronomical silicates curve is shown as a black/white line.
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Relative ISD flux at 3 AU (2011 day 182)
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Figure 3.24: The relative flux (left) and relative velocity (right) at 3 AU (downstream) from the Sun for
the defocusing phase (2000, day 182, top figures) and the focusing phase (2011, day 182, bottom figures).
The adapted astronomical silicates curve is shown as a black/white line.
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Figure 3.25: Size distributions for different times in the solar cycle (colors) and positions upstream and
downstream from the Sun along the flow-axis: -10 AU (upstream), -5 AU, -3 AU and +3 AU (see text).
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4
Discussion: applications of the modeling
After having explained the modeling, flow and filtering of the ISD in the first three chapters of this thesis,
we apply the simulations to three different places in the solar system. Section 4.1 discusses the ISD flux
and filtering at Saturn, and then focuses on its implications for the Cassini mission as an application.
Section 4.2 discusses the ISD flux and filtering at Jupiter for two different Jupiter orbits and illustrates
the optimal conditions for the future JUICE mission to observe ISD. This is also compared to the past
Galileo mission (1996-2003). Finally, Section 4.3 discusses the ISD flux and filtering in the asteroid belt
and goes deeper into interstellar dust simulations that were made for analyzing the preliminary Stardust
sample-return results.
4.1 Interstellar dust at Saturn
We apply the modeling of Chapters 2 and 3 to the case of Saturn and discuss the results in the context
of ISD measurements with Cassini during the orbital phase of the mission. Fig. 4.1 shows the orbit of
Saturn between 1991 and 2020 with respect to the β-cones. Its orbital period (29.5 years) is longer than
the 22 years full solar cycle. We look at the relative fluxes and filtered size distribution at Saturn during
one orbit between 1991 and 2020 and choose 8 positions along its orbit relative to the ISD flux: upstream,
downstream, sidestreams and four positions in between. The flux variations in time and location in the
solar system are correlated through the orbit of Saturn.
In the appendix B.1 we discuss the relative fluxes and size distributions along the orbit of Saturn for all
β and Q/m values (Figs. B.1 and B.2). Here we only summarize the main findings of this analysis for 7
grain sizes along the adapted astronomical silicates curve.
The relative fluxes with respect to Saturn throughout the solar cycle are shown in Fig. 4.2 for 7 particle
sizes (Table 2.2) representing β and Q/m values of the nominal material (cf. solid line in Figs. B.1
and B.2). The biggest particles (0.7 µm) display a strongly enhanced flux (factor 4) around 2003 when
Saturn is in the gravitational focusing region downstream from the Sun. Their enhanced fluxes (factor
2) around 2010 are due to the motion of Saturn against the interstellar dust flow. Conversely the flux is
reduced around 1996 when Saturn moves parallel to the interstellar flow. To see the effect of the motion
of Saturn alone, we refer to the β = 1 and Q/m ≈ 0 C/kg curve in Appendix B.1, Fig. B.4. In 2003 Saturn
is in the β-cone for smaller particles (β > 1, between 0.1 and 0.4 µm) and hence no such interstellar
grains can reach Saturn then. The flux enhancements around 2010 become even more pronounced for
smaller grains (0.2 µm, factor 8) due to the Lorentz forces of the focusing phase of the solar cycle. The
enhancements for grains of 0.15 µm reach values of factors up to 10 and the maximum flux shifts to later
years (2013). For the smallest particles considered (∼ 0.1 µm) the flux is still enhanced in the period 2007
to 2012 but no longer as much as for the somewhat bigger particles. Sharp peaks in the small particle
flux appear around 2017 when Saturn is in the upstream region of the interstellar dust flow. Between
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Figure 4.1: The orbit of Saturn around the Sun in the heliocentric ecliptic frame with the β-cones shown
in colored dotted lines. The 8 positions for which the size distributions and β-Q/m plots are shown in
this chapter and in Appendix B.1 are indicated as blue dots.
2007 and 2017, mid-sized and smaller grains (∼< 0.3µm) experience very strong flux enhancements at
different times. This has to do with the complicated focusing mechanism upstream from the Sun for
grains with higher Q/m values (cf. Fig. 3.12: the grains are reflected upstream from the Sun, which we
refer to as mirroring).
The enhancements or reductions in the size distributions (ignoring the heliopause filtering) follow again
the solar cycle and β-cones. The left plot of Fig. 4.3 shows the filtered ISD size distribution at 8 different
times during Saturns orbit and the right plot shows the filtering factor (i.e. the relative flux, also called
“reduction factor” in this thesis). The modulation of the size dependent flux ranges from total disap-
pearance of some particle sizes to enhancements of up to factor 10. Particles with sizes of about 0.2 µm
(5 · 10−17 kg) are absent when Saturn is within the respective β-cone. This is visible around the year
2002 when only the biggest particles (0.7 µm) reach Saturn at an enhanced flux (gravitational focusing).
In the period from 2009 to 2013, the flux of >∼ 0.2 µm sized particles is strongly enhanced due to the
increased relative speed between Saturn and the interstellar flow and due to the focusing effect of the
interplanetary magnetic field.
Except for the downstream region, the filtered number flux is highest for the smallest particles (∼ 0.15 µm
(3 · 10−17 kg); if they can traverse the heliopause). At favorable times (2009 to 2013) the filtered mass
flux will be highest - not for the biggest particles, as for the undisturbed MRN distribution - but for
the mid-sized grains around 0.2 µm. In 2017 the small grains contribute very clearly to the number flux
if they are not filtered out at the heliopause. Depending on that filtering, a final number on the small
grains can be given. In 2013, 1991 and 1995 (later in the focusing phase, and in even in the onset of the
defocusing phase) there are high fluxes for small grains (e.g. 0.15 µm), due to mirroring and focusing
upstream from the Sun.
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Figure 4.2: The relative fluxes with respect to Saturn throughout the solar cycle for 7 particle sizes of
the nominal material (adapted astrosilicates), see Table 2.2. For clarity, the curves for each grain size
apart are drawn in Appendix B.1, Fig. B.3.
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Figure 4.3: Size distributions of the ISD at Saturn for the 8 positions along its orbit. The left plot shows
the number density, the right plot shows the relative flux (“reduction factor” or filtering factor). The
gravitational focusing in 2002 is clear for the largest particles (3 · 10−15) as well as the strong influence
of the solar cycle on the size distributions, especially for the smaller grains (cf. Fig. 3.25).
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4.1.1 Predictions for Cassini
The fluxes and size distributions at Saturn were discussed in Section 4.1 and also apply to the Cassini
mission. The Cassini spacecraft reached Saturn in 2004 and will orbit this planet until 2017 when the
mission will be terminated. This period is especially interesting because it includes periods of high fluxes
of all sizes of interstellar grains. During its cruise phase, some grains of ∼0.4 µm that could be ISD, were
already identified in the Cassini Cosmic Dust Analyzer data (Altobelli et al., 2003). During the orbital
phase of the mission, Cassini has dedicated ISD observation times where the pointing of the instrument
is optimized. The interstellar dust measurements are mostly done outside of 25 Saturnian radii, outside
of the Saturnian magnetosphere. We first summarize briefly why the period from about 2007 until 2017
is such a good ISD observation time for Cassini and then move on to discuss the directionality of the flux.
We ignore in this discussion the influence of the Saturnian magnetosphere and gravitational focusing on
the grain trajectories, because we expect this effect on the Cassini observations to be small.
The fluxes of interstellar dust are firstly enhanced by the movement of Saturn (and thus Cassini) against
the ISD stream. Secondly, around 2010, the grains are focused because of the focusing phase of the solar
cycle. Third, Cassini gets out of the β-cone for β = 3 in 2010 meaning that for most materials, no β-gap
in the size distribution will exist and hence, the total accumulated flux will be largest. Fourth, small
grains of different sizes (0.15, 0.2 and 0.25 µm) experience strong focusing at different times (2010, 2010
and 2013 respectively) due to the complex flow patterns for high Lorentz forces (“mirroring”). Also small
grains are more abundant than the big grains in the original size distribution, therefore, if these are not
filtered at the termination shock, then these enhancements may result in a higher observed number of
small ISD grains by Cassini.
Hence, a very interesting era starts for finding ISD in Cassini data, not only for the high fluxes, but also
because all sizes of all materials are theoretically able to reach the Cassini spacecraft location (outside
the β = 3 cone) and thus the detector. This is interersting especially since Cassini carries a time-of-flight
mass spectrometer on board to alanyze the grain composition.
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Figure 4.4: Absolute directionality of the ISD in the ecliptic frame (left plot: longitude, right plot: lati-
tude), with time, at Saturn location, for three different ISD populations close to the adapted astrosilicates
β-curve (0.3 µm, 0.2 µm, and 0.06 µm, see Table 3.1).
Apart from the fluxes, we also predict and show the evolution of the ISD directionality (in the heliocentric
ecliptic frame) with time in Fig. 4.4 for three grain sizes: 0.3, 0.2 and 0.06 µm. The direction of 0.3 µm
particles is determined by the Lorentz force, since β = 1. There is a variation of about 15◦ in latitude and
4◦ in longitude over 30 years of time. The directionality of the 0.2 µm particles shows a clear influence
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Figure 4.5: The orbit of Jupiter around the Sun with the β-cones shown in colored dotted lines. X and
Y are the heliocentric ecliptic coordinates. The 4 positions (per orbit) for which we show the β-Q/m
plots (Appendix B.2) and size distributions are indicated as blue dots. The left plot corresponds to the
defocusing phase and the right plot corresponds to the focusing phase of the solar cycle. Note that Galileo
was flying from 1996 until 2003 and was thus in large parts of its orbit in the β-cones, as well as moving
in the same direction of the dust flow. For the JUICE mission, the positions of Jupiter for 2029, 2030
and 2031 correspond more or less with 2017, 2018 and 2007 in the right plot.
of the β-cone: just before Saturn enters the β-cone in 1998, the (downstream) latitude increases because
Saturn (at the entrance of the cone) is in the northern part of the β-cone, where particles are deflected
slightly northwards. The (downstream) longitude will decrease, because ISD particles are deflected to-
wards the vernal equinox at the entrance side (the vernal equinox side) of the cone. In contrast, when
Saturn leaves the β-cone, the longitude will be higher, and will decrease again to the undisturbed value
(79◦ longitude, downstream direction), while the latitude will also be higher (as at entrance of the cone),
and then decrease to the undisturbed latitude (-8◦), in the ideal case without Lorentz force. However, the
change in longitude and latitude is for 0.2 µm-particles already strongly influenced by the Lorentz force,
with a total spread of about 50◦ in longitude and 40◦ in latitude. For very small particles (0.06 µm), the
latitudes and longitudes are governed by Lorentz forces (β = 1) and show a spread of 40◦ in longitude
and 80◦ degrees in latitude.
Such predictions as shown in this section can be used to optimize Cassini observation time or to find
interstellar particles in the existing dataset.
4.2 Interstellar dust at Jupiter
Jupiter’s orbital period (12 years) is only half of the full solar cycle period. Therefore we apply the simu-
lated dust flux to the case of Jupiter for two orbital periods from 1994 until 2018 (Fig. 4.5), spanning not
only the orbit of Jupiter but also both the focusing and defocusing phase of the solar cycle. We discuss
the results in the frame of the ISD measurements with the Galileo mission, as well as future prospects
for the JUpiter ICy moons Explorer (JUICE) mission. Jupiter is at 5 AU from the Sun, meaning that
‘upstream’ from the Sun, it reaches the β = 3 cone, i.e no interstellar grains with β > 3 ever reach
Jupiter.
Again, the relative fluxes and velocities for the whole β-Q/m parameter space are shown and discussed in
Appendix B.2 and here we summarize the results for 7 grain sizes along the adapted astronomical silicates
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Figure 4.6: The relative fluxes with respect to Jupiter throughout the solar cycle for 7 particle sizes of
the nominal material (adapted astrosilicates), see Table 2.2. For clarity, the curves for each grain size
apart are drawn in Appendix B.2, Fig. B.9.
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Figure 4.7: Size distributions of the ISD at Jupiter for the 4 positions per orbit. The gravitational
focusing in 2001 as well as 2013 is clear for the largest particles.The influence of the solar cycle on the
size distributions is visible, especially for the smaller grains (cf. Fig. 3.25).
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curve. Fig. 4.6 shows the simulated time-variation of the relative flux of interstellar grains of nominal
composition between 1990 and 2020 at and relative to Jupiter. For β = 0.5 and Q/m = 0.125 C/kg
(0.7 µm), two peaks up to 4 times the unfiltered flux are visible in 2001 and 2013. This is because Jupiter
is at the gravitational focusing region downstream of the Sun. For β > 1 and Q/m > 0.5 C/kg (grains
< 0.3 µm), two gaps in the flux are visible corresponding to the β-cones when Jupiter is downstream
from the Sun (2001, 2013). Between these peaks and gaps, there is a cyclic variation that doubles or
halves the relative flux depending on whether Jupiter moves with or against the stream of ISD. Also,
just before entering the β-cone and just after leaving it, a very small increase in relative flux is visible
as explained in Section 3.4.1 (the density slightly increases in front of the exclusion zone). For higher
Q/m-ratio (smaller grains), the influence of the solar cycle becomes clearer. For grains with β > 1 and
very small grains (i.e. large Q/m values), the flux during the defocusing periods is zero (e.g. 1997–2003)
whereas the flux at focusing periods, which are not in the β-gap, is enhanced (e.g. around 2007).
Fig. 4.7 shows the derived size distributions of the ISD at Jupiter, at different epochs corresponding
to the 8 positions of Jupiter indicated in Fig. 4.5 (cf., B.7, and B.8 in Appendix B.2). These distributions
are - like in Section 4.1 - for the nominal material (compact astrosilicates with density of ρ = 2 g/cm3).
Very clear is that the size distributions vary by large factors with the phase of the solar cycle and the
orbital position of Jupiter. As was the case for Saturn, also here, the β-gap for relatively small to inter-
mediate grains and the gravitational focusing of large grains is visible downstream from the Sun: the size
distribution for 2001 shows only one point for the largest grains (0.7 µm or 3 · 10−15 kg) as the smaller
ones are filtered out by the β-gap as well as the Lorentz forces. The size distribution for 2013 shows
two points for the larger grains (0.3–0.7 µm) and one point for the very small grains (0.07 µm). This is
in the focusing phase of the solar cycle, when the smallest grains may still come through as they have
β < 1 and are focused by Lorentz forces (assuming they get through the heliosphere). The highest flux
enhancements (> factor 5 for 0.15 and 0.21 µm particles (masses between 10−17 and 10−16 kg)) occur
during the focusing period of the solar cycle (2007 and 2010). During the defocusing periods the fluxes
are at least a factor 3 lower.
4.2.1 Predictions for the Galileo mission and the JUpiter ICy moons Ex-
plorer, JUICE
Galileo was launched in 1989 and reached Jupiter in 1996, which it orbited until 2003. During its inter-
planetary cruise it measured interplanetary and interstellar grains (Baguhl et al., 1995a; Altobelli et al.,
2005). During the orbital tour of the Galileo mission (1996-2003) the conditions for measuring interstellar
dust were quite unfavorable because the solar cycle was in the defocusing condition and Jupiter moved
approximately parallel with the interstellar dust flow, reducing both the relative speed and the flux of
interstellar grains (Fig. 4.5). Also large parts of Jupiters orbit were downstream from the Sun in the
β-cones. Besides, there were also pointing issues: the antenna was directed towards the earth, and the
dust counter was thus pointing in the opposite direction from the ISD stream, at least in the downstream
part of the orbit. Except for the 6 years of interplanetary cruise to Jupiter (Altobelli et al., 2005) no
interstellar dust detections have been reported.
The JUpiter ICy moons Explorer (JUICE) is an ESA L-class mission candidate that would investi-
gate the Jovian system and, in particular, the Galilean satellites Ganymede, Callisto and Europa. The
spacecraft shall be launched in June 2022 and enter orbit around Jupiter in January 2030. The end of
the mission is planned for June 2033. The model payload of the ESA assessment study does not include
a dust detector, of which a possible instrument candidate is described in Kempf et al. (2012). However,
such an instrument has been proven to be a very effective means of remotely characterizing the surface
and subsurface compositions of icy moons (Postberg et al., 2011, 2009; Kempf, 2009). This would con-
tribute greatly to the science goals of JUICE.
The situation in 2017 is comparable to the situation at arrival of the planned JUICE mission at Jupiter in
2029 except that the solar cycle is different. The spacecraft is upstream from the Sun resulting in the fact
that we can see almost all small (high-β) grains. Besides, the mission is planned for the focusing phase
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of the solar cycle so the conditions are very favorable for measuring interstellar grains on top of Jupiter
system dust. While interstellar dust (ISD) is not included in the JUICE science goals, information on this
dust component will improve our understanding of the origins of the Solar System. A dust detector on
JUICE would thus provide a unique opportunity for additional scientific return, especially during the last
part of the cruise phase. This opportunity would provide ISD mass spectra of unprecedented precision.
Now we go deeper into the ISD flux and velocity simulation results for JUICE and predict absolute fluxes
based on the Ulysses measurements.
Figure 4.5 shows the orbit of Jupiter with respect to these β-cones. The positions of Jupiter in 2029,
2030 and 2031 correspond to 2017, 2018 and 2007 in the right plot of this Figure. JUICE is outside of
the β = 2-cone during the last part of the cruis phase and during the orbital phase, and thus all sizes
of silicate grains can reach JUICE. A gap in the observed size distribution of the ISD grains may still
be visible as a result of higher β-values (such as carbonaceous materials) due to solar radiation pressure
force. However, this will be minimal since JUICE skims the β = 3-cone in 2031. For JUICE this means
that the optimum conditions for observing ISD are near 2031, close to Jupiter orbit insertion, so that
the β-gap is as small as possible. In addition, the relative flux of grains will also be higher when Jupiter
is moving towards the dust stream. This occurs between 2028 and 2031. The relative motion of the
spacecraft with respect to the dust stream, and the position of JUICE with respect to the β-cones make
the last phase of the cruise phase an ideal period for ISD observations.
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Figure 4.8: The (smoothed) relative flux at Jupiter during the years of the JUICE mission, for several
particle radii assuming the adapted astrosilicates β-curve. The β and Q/m values corresponding to these
grain radii are summarised in Table 2.2.
The solar magnetic field is expected to have a ‘focusing’ phase of the solar cycle in mid-2029. Figure 4.8
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shows the relative flux with respect to the undisturbed incoming ISD flow at Jupiter for the same 7
grain sizes as in Fig. 4.6. The sudden increase in flux for smaller grains around 2030 is mainly due to
the Lorentz force. The variations for the largest grains (0.73 µm radius, black line in Figure 4.8) are
mainly due to the relative motion of Jupiter with respect to the flow direction of the ISD stream. The
highest peak for 0.15 µm grains reaches a factor of 9, higher than the peak that was seen in 2007 in Fig. 4.6.
Figure 4.9 (right) shows the filtering factor (i.e. relative flux) from the simulations for one day dur-
ing the Galileo mission (1997, day 21) and one day during the JUICE mission (2032, day 220). Since the
position of Jupiter with respect to the ISD flow is very similar on both dates, most of the differences in
the filtering factor are due to the Lorentz force. Figure 4.9 (left) shows the resulting number distribution
of ISD grains at Jupiter. The difference between the ISD number flux for Galileo and JUICE is in the
order of a factor 2, 5 and 20 for large (∼ 4 · 10−16 kg), mid-size (∼ 1.5 · 10−16 kg) and smaller grains
(∼ 3 · 10−17 kg) respectively, at this position in the Solar System.
Finally, the simulated relative flux and velocity for ISD grains is shown for the whole β and Q/m pa-
rameter space (Figure 4.10) for 2029, day 186. This is shortly before arrival of JUICE at Jupiter, where
the magnetic field of the planet does not yet interact with the charged grains. The black line in the
plot is the β-curve for adapted astrosilicates. Figure 4.10 provides an idea of the grain sizes for which
there is the most enhancement or filtering. The relative velocities depend mostly on the β-values of the
grains (vertical axis) and the direction of motion of Jupiter with respect to the ISD flow: they are high at
Jupiter orbit insertion (26–36 kms−1) and low at the end of the mission in 2033 (minimum ∼ 13 kms−1).
The high relative flux shown in Figure 4.10 is because:
1. JUICE moves towards the nominal dust stream direction.
2. JUICE is at the edge of the β = 3 cone. Thus there is no β-gap for particles composed of most
materials and therefore the flux of small to moderately-sized grains (10−16 – 10−17 kg) at JUICE
will be higher than if the spacecraft was deeper within the β-cones.
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Figure 4.9: The local ISD number distribution (left) and filtering (right) at Jupiter for one day in the
Galileo mission (1997, day 21) and one day in the JUICE mission (2032, day 220). JUICE and Galileo
had almost the same position in the Solar System with respect to the ISD flow. The differences are thus
mainly due to variations in the Lorentz force with the solar cycle. f (-) is the ratio of the ISD flux at
JUICE respectively Galileo, to the ISD flux before filtering in the inner Solar System. The grain radii
corresponding to the masses in this Figure are given in Table 2.2. Assumptions include the astrosilicates
β-curve and an initial MRN-size distribution (Mathis et al., 1977).
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3. The dust grains are strongly focused with respect to the solar equatorial plane due to the interaction
of charged grains with the interplanetary magnetic field. The maximum of this effect occurs around
Jupiter orbit insertion.
Effects from the Jovian magnetic and gravitational fields are also taken into account. The Jovian gravi-
tational field is expected to increase the ISD flux by less than a factor of two. The electromagnetic effects
are uncertain for ISD grains between 0.2 and 2 µm but are small for ISD velocities of 13 kms−2 (Colwell
and Horányi, 1996; Soja et al., 2012). Grains smaller than 0.1 µm will be ejected from the Jovian system
and larger grains will not be affected (Colwell and Horányi, 1996).
Predictions of absolute ISD numbers for the JUICE mission around Jupiter are based on Ulysses data:
first the ‘unfiltered’ Ulysses size distribution is calculated according to the filtering that occurred during
the Ulysses mission, and then this distribution is ‘filtered’ again according to the conditions at the time
of JUICE. In this way the unknown filtering at the heliopause is omitted, although this is only valid if the
heliopause filtering is independent of time. Approximate cumulative fluxes for JUICE are summarized
in Table 4.1. For comparison to the JUICE cumulative numbers, the Ulysses cumulative numbers are
added in this table. Taking into account that grains smaller than 0.1–0.2 µm will be affected by the
Jovian magnetic field, the impact rate of ISD on a possible dust detector for JUICE (Kempf et al., 2012)
with a surface of 225 cm2 is estimated to be in the order of maximum 3 grains per day averaged over the
orbital phase of the mission and in the order of 10 grains per day for the last part of the cruise phase.
Besides the higher fluxes, the JUICE dust detector would be much more sensitive to smaller grains than
the Ulysses dust detector.
It is concluded that - in the size range considered here - the flux of interstellar dust at JUICE will
be in the order of 2, 5 or 20 times higher than for Galileo, depending on the size of the grains. This is
because the velocity of JUICE is opposite to the direction of the interstellar dust stream; because there
are few or no β-gaps in the size distribution around 2031-2032; and because the optimal focusing phase
of the solar cycle also occurs around this time. This offers a unique opportunity for some extra add-on
science during the last part of the cruise phase of JUICE, where the Jovian magnetic field does not yet
play a significant role.
Mass β Q/m Radius Cum. numb. flux Cum. numb. flux
JUICE ULYSSES
(kg) (C/kg) (µm) (m−2s−1) (m−2s−1)
3.2 · 10−15 0.5 0.125 0.73
4.1 · 10−16 1.1 0.5 0.36 7.8 · 10−6 6.69 · 10−6
1.4 · 10−16 1.3 1. 0.26 7.69 · 10−5 3.57 · 10−5
7.8 · 10−17 1.5 1.5 0.21 1.96 · 10−4 5.79 · 10−5
2.8 · 10−17 1.5 3. 0.15 5.58 · 10−4 8.4 · 10−5
9.6 · 10−18 1.3 6. 0.11 1.75 · 10−3 1.1 · 10−4
3.5 · 10−18 1.0 12 0.07 4.76 · 10−3 1.43 · 10−4
Table 4.1: The mass, β, Q/m and radius used for the filtering calculations and absolute predictions,
and the cumulative fluxes of ISD grains at Jupiter orbit averaged over the JUICE and Ulysses missions.
Assumptions include a density of ρ = 2 g/cm3, constant grain surface potential U = +5 V and the
adapted astrosilicates β-curve is assumed.
4.3 Interstellar dust in the asteroid belt
In this section we discuss the variation of the size dependent interstellar dust flux in the main asteroid
belt. First we chose Ceres, the biggest main belt asteroid as an example, then we discuss predictions
for the Stardust mission and compare these predictions with dynamical properties of interstellar dust
candidates identified by the Stardust Team.
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Figure 4.10: The relative flux (left) and relative velocity (right) with respect to Jupiter prior to arrival of
JUICE in mid-2029 for various combinations of the parameters β and Q/m. The black line is the β-curve
for astrosilicates from Gustafson (1994), adapted to have a maximum β = 1.6 according to the outcome
of Landgraf (2000). Some grain masses and radii corresponding to the Q/m-values in this Figure are
given in Table 2.2. The last part of the cruise phase is perfectly suited for some add-on science: the ISD
flux is high due to the focusing phase of the solar cycle, and Jupiter is moving into the stream of ISD
grains.
Ceres has a semi-major axis of 2.8 AU and an orbital period of 4.8 years. Fig. 4.11 shows two or-
bits of Ceres in two different periods of the solar cycle (defocusing: 1999-2002 and focusing: 2010-2014).
Most of the asteroid’s orbit lies within the β = 3 cone, therefore, only particles with smaller β values will
reach the asteroid.
The fluxes onto Ceres of interstellar grains of nominal composition are shown in Fig. 4.12 throughout time
from 1990 until 2020. All grain sizes from Table 2.2 are included in this plot but for clarity, the curves
per grain size are again repeated in separate graphs in Appendix B.3. The gravitational focusing of large
(0.7 µm) grains is visible as regular sharp peaks in relative flux. There is also a modulation due to the
motion of Ceres parallel to or against the stream, resulting in flux enhancements or reductions by factors
of 2 and 0.5 respectively throughout its orbit. When Ceres moves in the same direction as the ISD flow,
relative speeds are low (about 10 km/s) which is optimal for in-situ sample return. On the part of the orbit
where Ceres moves against the stream of ISD, measurements with an impact ionization detector are better
suited because relative velocities are higher and therefore also the fluxes. A small influence of the solar
cycle is already visible, as the peaks of the relative fluxes are larger around 2010 and reduced around 2000.
The same periodicity is present for 0.36 µm grains. The β-cones are visible as small gaps in the flux. The
“entry”-side of the cone has a lower relative flux than when Ceres is going out of the β-cone, because of the
apparent motion of Ceres with respect to the flux direction. However, both show the slight enhancement
in dust flux at the boundary of the β-cones. Also here, a slight variation in the peaks of the flux is visible,
which depends on the phase of the solar cycle. For even smaller grains, the influence of the solar cycle
becomes more pronounced. the gravitational focusing is counterworked partially in 2000, and is enhanced
in 2010. For small particles < 0.2 µm the effect of the Lorentz force gets stronger with increasing Q/m.
The flux for the smallest particles becomes zero between roughly 1993 and 2004 but in 2010, even the
smallest grains may be able to reach the asteroid at even enhanced fluxes provided that they make it
through the termination shock.
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Figure 4.11: The orbit of main-belt asteroid Ceres in the heliocentric ecliptic frame, with the β-cones
shown in colored dotted lines. The 4 positions (per orbit) for which we show the β-Q/m plots in Ap-
pendix B.3 and size distributions in this section are indicated as blue dots. The left plot corresponds to
the defocusing phase and the right plot corresponds to the focusing phase of the solar cycle.
Fig. 4.13 shows the derived size distributions of the ISD at the four positions of Ceres during the two
orbits of Fig. 4.11. The first orbit from 1999 to 2002 is during the defocusing phase of the solar cycle and
the second orbit from 2010 to 2014 is during the focusing phase of the solar cycle. These distributions are
for the nominal material. Again, like in the Jupiter case the size distributions vary by large factors with
the phase of the solar cycle and the orbital position of the asteroid. During the defocusing phase only
the biggest grains (0.7 µm or 3 · 10−15 kg) display enhanced flux in the downstream region (1999). The
size distribution for 2001 shows only one point for the largest grains as the smaller ones are filtered out
by the β-gap as well as the Lorentz forces. The fluxes of all other (smaller) grains are strongly reduced
by the combined radiation pressure and electromagnetic interactions. During the focusing phase (around
2010), almost all particles have enhanced fluxes except in the downstream region where only the biggest
particles display enhanced fluxes. The size distribution for 2012 - day 323 shows two points for the larger
grains and one point for the very small grains. The highest flux enhancements (> factor 5 for 0.11 and
0.21 µm particles (masses between 10−17 and 10−16 kg)) occur during the focusing period of the solar
cycle (2010). During the defocusing periods the fluxes are at least an order of magnitude lower.
4.3.1 ISD simulations for the Stardust mission
The Stardust mission was launched in 1999 with as main goals to return material from the coma of Comet
81P/Wild2 and to return material from the interstellar dust stream (Tsou et al., 2003). For this purpose,
one side of a collector was used that consisted of 132 tiles of aerogel, with a surface of 1039 cm2. There
were also 153 cm2 of Aluminum foils, totalling with the aerogel tiles in a collector size of 0.12 m2 (Tsou
et al., 2003). The cometary grains have been the subject of extensive analyses since the return of the
mission in 2006 (Brownlee et al., 2006). A preliminary examination of the aerogel tiles on the interstellar
side of the collector led to an identification of three candidate ISD grains (Westphal and et al., 2012b),
and the examination of the aluminum foils resulted in four possible ISD impact craters (Stroud and et al.,
2012). Calibration tests for the aerogel and foils were made at the Heidelberg Dust Accelerator and are
described in (Postberg et al., 2012), whereas Westphal and et al. (2012a) discusses the unlikeliness of the
ISD candidates to be of an alternative origin.
Earlier predictions of statistics of ISD captured by Stardust were made by Landgraf et al. (1999b).
These authors used two ISD populations: one with radiation pressure constant β = 1 (“small grains”)
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Figure 4.12: The relative ISD flux in the asteroid belt on asteroid Ceres for different grain sizes of the
nominal material (adapted astrosilicates). Each grain size curve is also shown apart in Appendix B.3,
Fig. B.12 for clarity and better comparison. Even for the largest grains of 0.7 µm with only Q/m =
0.12 C/kg, there is a small influence of the solar cycle visible.
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Figure 4.13: Size distributions of the ISD at the main-belt asteroid Ceres for the 4 positions per orbit
(cf. Fig. 3.25).
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and one with β = 0.1 and charge-to-mass ratio Q/m = 0 C/kg (“large grains”). The total duration of the
collection period was assumed to be 290 days, and 80 respectively 40 grains were predicted to be captured
in total for the small and large grains. However, the actual total duration of exposure was shorter. In
contrast to these authors we assume a continuum of β-values rather than only two different populations
(small/large). We provide an update of the estimated amount of grains that should have been captured,
using updated information of the collection periods, a larger parameter space of grain properties and
using the Ulysses measurements in combination with dust trajectory simulations as a starting point of
the absolute number predictions.
The orbit of Stardust with respect to the β-cones is shown in Fig. 4.14. The red thick lines in the
plot correspond to the collection periods (22 February 2000 – 1 May 2000, and 5 August 2002 – 9 De-
cember 2002 (Stardust@Home, 2012), totalling in 195 days). During about half of the collection time,
particles with β between 1.5 and 1.6 are missing, especially towards the middle and the end of the first
collection period, and towards the end of the second collection period. This means that Stardust will not
capture particles of radius roughly between 0.12 and 0.25 µm during these parts of the collection period
(assuming adapted astrosilicates with density of ρ = 2 g cm−3).
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Figure 4.14: The orbit of Stardust with respect to the β-cones in the heliocentric ecliptic frame. The red
thick lines are the two ISD capture periods.
During the collection periods, the Stardust collector was pointed into the nominal interstellar dust stream
for which was assumed that the grains have β = 1 and are coming from an ecliptic longitude of 259◦ and
ecliptic latitude of +7.7◦ (JPL, 2012). The relative speed of the ISD grains with respect to the spacecraft
was taken into account for the pointing direction of the collector. However, the real pointing of the collec-
tor varied from this nominal direction. Fig. 4.15 shows the ideal pointing direction of the cometary side of
the collector in the heliocentric ecliptic frame as a smooth curve and the real (commanded) pointing as a
wiggely curve around the ideal pointing direction. The longitude is shown as a solid line and the latitude
is shown as a dashed line. Such excursions in pointing as shown in Fig. 4.15 lead to an uncertainty of
about 15◦ in the impact direction derived from the tracks.
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Figure 4.15: The ideal pointing and commanded pointing of the Stardust collector in the first collection
period. The solid line shows the longitude and the dashed line shows the latitude in the heliocentric
ecliptic frame. This pointing profile was obtained using SPICE (JPL, 2012).
The collection period occurred a few years after the solar minimum of the defocusing cycle. Therefore
the grains were defocused from the solar equatorial plane by Lorentz forces and thus most of the grains
on the “smaller” side of the β-curve (i.e. ∼< 0.15 µm or 3 · 10−17 kg) will most probably not make it
to the inner solar system or are strongly reduced. Besides, such small grains may already be strongly
filtered at the termination shock too (Linde and Gombosi, 2000; Slavin et al., 2010).
The relative flux in the inner heliosphere with respect to the incoming flux after passing the termination
shock was calculated for the period between 2000 and 2003 at both the Ulysses and Stardust positions.
This was done for the 7 grain masses from Table 2.2, with β-values along the adapted astrosilicates
β-curve and with density of ρ = 2 g cm−3. Smaller grain densities would enhance the electromagnetic
interaction. Fig. 4.16 shows on the left the relative flux in the inner solar system with respect to the
incoming flux for both Ulysses (between 2000 and 2003) and Stardust (2000 & 2002). In Fig. 4.16,
grains with m < 3 · 10−17 kg (0.15 µm or Q/m > 3 C/kg), respectively m < 1 · 10−17 kg (0.1 µm or
Q/m > 6 C/kg) are totally filtered out or strongly reduced to less than 1/10th of the original flux de-
pending on the collection period.
The red line in Figure 4.16 (right) show the Ulysses measured number distribution per log(m), from Krüger
(2012) between 2000 and begin 2003 and interpolated to the 7 masses from Table 2.2. From these ob-
servations the ISD number distribution at the heliospheric boundary (inside the termination shock) is
calculated by inverse filtering (blue line in Fig. 4.16, right hand side). The final forward-filtered ISD num-
ber distribution for the Stardust mission is shown by the black line in this figure. The expected number
distribution for Stardust is thus made consistent with the Ulysses measurements, taking into account the
different positions of the two spacecraft. For a comparison to these measurements and derivations, an
extrapolation of the MRN size distribution (Mathis et al., 1977) to the grain sizes of the simulations is
shown as a straight line for a hydrogen number density nH = 0.3 cm−3 and dust grain density of 2 g cm−3.
Based on the number distributions and by taking into account the effective instrument surface of Star-
dust respectively Ulysses and their respective “observation times”, the total estimated number of grains
is about 40 (about 15 in the first collection period and 25 in the second). So far only 3 candidates of
interstellar grains have been identified.
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Simulations were also made for different combinations of β and Q/m to study the sensitivity of the
relative flux, impact velocity and ISD flow direction on the selected grain parameters. The outcome was:
• The relative flux decreases strongly with increasing Q/m (thus with decreasing mass) as is also
indicated in Fig. 4.16. Moreover, the flux also becomes zero for grains with β-value larger than the
β-cone where Stardust is located. Therefore, the estimate of the flux of grains on Stardust is made
by using a simulation program that includes Lorentz forces, however, at the cost of model precision
(the simulations have a grid size of 1.5 AU around the Sun, and ‘only’ 7 masses are simulated
because of limited computation time). For this reason, the simulations that include Lorentz forces
are only used to make a first rough estimate of the expected amount of collected grains.
• The impact speeds vary only little with increasing Q/m within the collection time and position
of Stardust: for the same β-value but different Q/m, the velocity difference is maximum 4 km/s
(within the collection periods). For further investigation of the impact speeds, we use simulations
with solar radiation pressure force and gravity only, but with a precision of 0.1 AU from Stardust.
• The absolute ISD latitude at Stardust varies only slightly (maximum 10◦) and depends more on
Q/m than on β, whereas the longitude varies more (up to 30◦) and depends mostly on the β-value
of the grains. The absolute longitude of the (downstream pointing) ISD velocity vector decreases as
the β-value of the grain approaches the β-value of the β-cone where Stardust is located. This is as
expected since the closer to the β-cone, the more the grain trajectory will deviate from its original
path due to solar radiation pressure force. Because the direction does not change dramatically with
Q/m, we investigate further the directions of the grains using only solar radiation pressure force
and gravity, but with a precision of 0.1 AU from Stardust.
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Figure 4.16: The left plot shows the relative flux of ISD grains with mass due to the filtering in the inner
heliosphere for the Ulysses mission and the two collection periods of the Stardust mission. The right
plot shows number density of grains for Ulysses (red stars) between 2000 and 2003 (Krüger, 2012), the
backward-filtered Ulysses data (blue crosses), and the derived number distribution for Stardust (black
diamonds). The straight black line is an extrapolation of an ISD size distribution (Mathis et al., 1977)
in the LIC, in the range of simulated masses. The adapted astronomical silicates β-curve is used and
the grain density ρ is assumed to be 2 g/cm3. For the MRN-distribution a hydrogen number density of
nH = 0.3 cm−3 is used.
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4.3.2 Comparison of modeling with dynamical properties of ISD candidates
Preliminary examination of the Stardust aerogel collector identified three candidate ISD grains (West-
phal and et al., 2012b), and the examination of the aluminum foils resulted in four possible ISD impact
craters (Stroud and et al., 2012). For these candidate ISD grains, both impact speed and impact direction
(zenith and azimuth angle) are estimated from the aerogel tracks (Postberg et al., 2012; Westphal and
et al., 2012b) and compared to simulations in this section. The zenith angle of the ISD impact direction
on the collector is defined as the angle of the relative ISD velocity vector to the collector normal on the
cometary side. The zenith angle is thus zero for grains impacting along the collector normal and > 90◦ for
grains impacting on the cometary side of the collector. The azimuthal angle is the angle on the collector
surface and is 0◦ towards the spacecraft body in a right hand system and 180◦ in the anti-spacecraft
direction (generally pointing towards the sun).
The impact directions of the 3 preliminary ISD grains (Westphal and et al., 2012b) were zenith an-
gles of 28◦, 41◦, and 51◦ and azimuthal angles within 20◦ from the Sun direction (180◦ azimuth). A
zenith angle uncertainty due to the spacecraft pointing is estimated to be ±15◦. The (average) 15◦ wig-
gle in the spacecraft pointing does not translate in a similar excursion in zenith angle. A better error
analysis could be done but is beyond the scope of this work. The impact speeds of the grains were
estimated from the track sizes and shapes (Postberg et al., 2012; Westphal and et al., 2012b): grains of
tracks 30 and 34 have probable impact speeds below 10 km/s and the grain of track 40 had an impact
velocity above 15 km/s.
We studied the variation of the impact speeds with the grain size for 6 different times during the collection
periods, namely at the beginning, middle and end of each period. The collection speeds of ISD grains
are calculated from the trajectory simulations where only solar radiation pressure force and gravity are
taken into account. Figure 4.17 shows the dependency of the simulated impact speeds of the grains on β,
at the 6 times indicated. The ISD velocity at a fixed location decreases with increasing β-value. Note
that the relative velocity for the ISD grains increases again for the largest β-values. As a consequence
Stardust may be moving “faster” than the ISD grains and ISD grains may impact on the cometary side
of the collector. This was found for some epochs by calculations of the impact directions (cf. discussion
on Figure 4.19 in this section). In the last part of the two collection periods (orange curves), grains with
β > 1.5 and 1.6 respectively, are missing because Stardust is inside the β-cones for these values. Note
that the relative velocity of the grains depends on the absolute ISD velocity as well as on the spacecraft
velocity vector which is different at different epochs of the collection period. Therefore, grains with equal
β-value (e.g. β = 1) have different impact speeds at different times.
The relation between impact speed and grain size (radius) is shown in Fig. 4.18. The left-hand side
of the plot is hatched for grains smaller than 0.2 µm to indicate the filtering at the heliosphere bound-
ary. Based on our assumptions, ISD grains between 0.25 and 0.4 µm have impact speeds between 3 and
14 km/s, depending on when during the collection period they are captured. Grains between 0.4 and
0.7 µm have impact speeds between 10 and 20 km/s and grains larger than 0.7 µm have impact speeds
of 14− 25 km/s. The gaps in the speed curves (Figure 4.18) around grain radius 0.16 µm (from roughly
0.12 µm − 0.23 µm) are consequences of the β-cone for β = 1.5.
Also the ISD impact directions on the Stardust collector change depending on β and thus on grain size.
The largest shift in directionality occurs for particles with β close to the maximum β-value that can
reach Stardust, i.e. around β = 1.5 to β = 1.6. The absolute ISD latitudes change by only a few degrees,
whereas the absolute longitudes change by up to 30◦ for particles of about 0.25 µm. This has a large
influence on the zenith and azimuth angle of the ISD impact direction on the collector. In the simulations
discussed in this Section, we do not consider the effects of the 15◦ spacecraft attitude deadband, which
adds to the uncertainty, but we assume a perfect pointing in the relative ISD grain velocity direction for
grains with β = 1 (259◦ ecliptic longitude and +8◦ ecliptic latitude (Landgraf, 2000)).
Fig. 4.19 shows the simulated impact zenith angles on the collector and assumes an initial dust di-
rection (79◦ ecl. longit.,−8◦ ecl. latit.) and perfect spacecraft pointing as explained in the previous
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Figure 4.17: The simulated impact speeds with β-values of the grains at 6 times during the 2 collection
periods of the Stardust mission. Lorentz forces are not taken into account in this plot.
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Figure 4.18: The calculated impact velocities for different particle sizes (radii, in meter) and for 6 different
times during the collection periods of the Stardust mission. Assumed was the adapted astrosilicates β-
curve and density of ρ = 2 g cm−3. Lorentz forces are not taken into account in this plot. The larger
particles will be fast, but may be less abundant in absolute number. Very small particles are filtered out
by Lorentz forces.
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paragraph. In the beginning of the second collection period (2002-d217), Stardust is still far away from
the β = 1.6 cone and the zenith angle on the collector remains close to the collector normal. For higher
β-values and later times in the collection periods, the zenith angle deviation increases as Stardust is
closer to the cones. Grains with β = 1 move on straight trajectories through the solar system at all
times, so if assuming an “ideal” spacecraft pointing, these grains have about 0◦ impact zenith angles on
the collector (see Fig. 4.19). Grains with zenith angle larger than 90◦ will impact on the cometary side
of the collector. This is not only because the (absolute) longitude of the ISD changes when Stardust is
closer to the β-cones, but also because the absolute velocity of the grains with β close to 1.5 and 1.6 gets
lower and approaches the spacecraft velocity. Hence, Stardust “overtakes” some of the interstellar dust
grains which then impact on the cometary side of the collector. This plot is independent of grain density
or β-curve assumed.
The range of impact speeds and zenith angles that were found from track size, shape and direction
are also shown in Figure 4.19 (with a 30◦ wide box to indicate roughly the uncertainty in track direction
due to spacecraft pointing uncertainty) and they overlap the speeds and zenith angles from the simula-
tions very well.
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Figure 4.19: The zenith angle of the ISD impact direction on the Stardust collector with increasing
impact speed is shown for 6 epochs during the two collection periods. A zenith angle larger than 90◦
indicates that the grains are impacting on the cometary side of the collector. The zenith angles of the 3
ISD candidates found in the aerogel (Westphal2012) and a 15◦ deadband are indicated (colored regions).
Figure 4.20 shows the simulated azimuthal angles on the Stardust collector with impact speed. The grains
with the highest speeds correspond to β < 1 grains and they impact in the direction towards the Sun
(180◦ azimuth). The grains with β = 1 have undetermined azimuthal angles since their impact velocity
vector is close to the collector normal, i.e. they have a zenith angle of 0◦. Also in Figure 4.20 we plot the
azimuthal angles from the 3 tracks, including 15◦ to illustrate the spacecraft pointing error. Here, only
for Track 40, there is much overlap between the velocities and azimuthal angle from the track and the
simulations. Again, this is independent from the grain density or β-curve assumed, but it does depend
strongly on the initial ISD direction of 259◦ longitude and ideal spacecraft pointing assumed, as will be
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discussed in the following.
Most interstellar dust impacts occur close to a plane through the collector normal in the 0◦–180◦ az-
imuth direction. We can project the impact direction onto that plane and define a “capture zenith angle”
which is the zenith angle, multiplied by the negative cosine of the azimuthal angle. Figure 4.21 from An-
drew Westphal shows this “capture zenith angle” for 3 different initial directions of the incoming dust with
the relative speed. Values below zero indicate azimuthal angles in the spacecraft direction (0◦ azimuth)
whereas positive values indicate azimuthal angles towards the Sun direction (180◦ azimuth). The zenith
angles extracted from the tracks of the 3 preliminary ISD grains in the collector (Westphal and et al.,
2012b) are indicated in the plot as horizontal lines surrounded by coloured error boxes. A first brief look
at the Stardust results with respect to the modeling revealed that for the average inflow direction of 259◦,
only one grain fits the simulations (Track 40, previous paragraph). If all 3 grains are of interstellar origin,
then the 274◦ inflow direction fits better. However, because of the large statistical uncertainty (only 3
ISD impacts) and the uncertainties in the determination of the exact impact direction and uncertainties
in the modeling assumptions we do not place much significance to this result yet.
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Figure 4.20: The azimuth angle of the ISD impact direction on the Stardust collector with increasing
impact speed is shown for 6 epochs during the two collection periods and inflow direction 259◦. The
azimuth angles of the 4 ISD candidates found in the aerogel (Westphal2012) and a 15◦ deadband are
indicated (colored regions).
The results from the calculations by Andrew Westphal (Fig. 4.21) were confirmed for one direction of
the initial dust (269◦ ecliptic longitude) and are shown in Fig. 4.22. There, also speeds between 5 and
10 km/s have azimuthal angles around 180◦ (and higher) instead of around 0◦, in contrary to Fig. 4.20.
When a β-curve and material density are assumed, the size range of collected grains can be estimated.
Figure 4.23 shows the simulated zenith angle with grain radius assuming the astrosilicates β-curve and
a density of 2 g/cm3. From this curve, it can be concluded that grains with radius smaller than about
0.25 µm will not be captured by Stardust: either they are not present because of the position of Stardust
with respect to the β-cones (orange curves), or they will impact on the cometary side of the dust collector
(zenith angles > 90◦), or they are filtered out by Lorentz forces (hatched region in Fig. 4.23 and earlier
discussions). The only period in which also the smallest grains (if not filtered by Lorentz forces) could
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Figure 4.21: This scatter plot shows the “capture zenith angle” (the zenith angle multiplied by the negative
cosine of the azimuthal angle) for 3 different directions of the incoming dust: 244◦ (blue), 259◦ (red) and
274◦ (green) with the impact velocity. Also the capture zenith angles of the 3 found ISD candidates are
indicated as grey boxes. Source: A.Westphal.
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nominal 259◦.
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have been captured with the ISD-side of the collector is the beginning of the second collection period
(cf. the purple dotted line in Fig. 4.23), at least if we assume an initial incoming dust direction of 259◦
longitude. The boxes in Fig. 4.23 indicate the range of sizes of 3 particles given by Westphal and et al.
(2012b).
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Figure 4.23: The zenith angle of the ISD impact direction on the Stardust collector with increasing grain
radius a is shown for 6 epochs during the two collection periods. For this graph, the astrosilicates β-curve
and a grain density of 2 g/cm3 was assumed. The boxes indicate the range of sizes of 2 particles given
by Westphal and et al. (2012b).
By comparing the velocity and impact direction of the three ISD candidates to the simulations, the
β-values can be constrained to a range of 1.15–1.6 for tracks 30 and 34 and between 0–1 for track 40.
Fig. 4.23 showed the impact zenith angle with grain radius assuming the adapted astrosilicates β-curve
and a density of 2 g cm−3. However, the three interstellar dust candidates have densities that were sur-
prisingly low (Westphal and et al., 2012b). Grains that are porous or fluffy will have a different β-curve
than assumed here, and thus the lower and upper size limit of simulated grains that could be captured
(like shown in Fig. 4.23) will differ.
Concluding, the measured zenith angles and speeds of the 3 ISD candidates correspond well to the
calculated impact speeds and zenith angles of dust with β-value between 1.1 and 1.5 (tracks 30 and 34)
and the grain of track 40 must have had β < 0.9. The azimuth angle of one candidate particle is compat-
ible with the simulated azimuth angle but for two others the measured angle deviates significantly from
the predicted angles for ISD particles with the assumed dynamical parameters. However, by tuning these
assumptions, a compatible solution can be found to match the observed grains with the simulations:
another grain density and a shifted initial dust direction (274◦) could probably make all three grains
to correspond to the observed azimuth angles, zenith angles, impact speeds and grain sizes. An initial
dust direction of 274◦ is still within the statistical uncertainty limits for the initial dust direction found
by Landgraf (1998).
As a consequence there are too many uncertainties in the assumptions to conclude uniquely from this
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dynamical study whether the particle candidates are truly of interstellar origin or not but within the
uncertainties in the simulations (e.g. initial dust direction), it is also not disproven. The main uncertain-
ties are spacecraft pointing, grain density, grain material (β-curve), initial ISD speed and direction, and
uncertainties in measured speed and direction of the extracted grain candidates. Another uncertainty
comes from not knowing “when” the grain has impacted and thus what the relative velocity of the grain
with respect to the spacecraft was.
The small number of the identified grains and the uncertainties of the dynamical characteristics pre-
vent constraining dynamical interstellar dust properties at the present time. When more interstellar
grains will be identified on the Stardust collector the ISD dynamical properties and the ISD flow may be
further constraint. However, the method of comparing simulations to the grain impact parameters from
tracks in the aerogel seems a good approach when statistics get better and more grains are found. An
even better approach would be a sample return mission with an active dust collector where the time of
impact is recorded as well as the dust trajectory through a grid in front of the collector (Grün et al., 2012).
72 Discussion: applications of the modeling
73
5
Summary
This thesis describes the modulation of the ISD flow through the solar system using simulations of ISD
trajectories. The interaction with the heliosphere, the resulting flow, and the filtering of ISD size distri-
bution in the inner solar system are studied. After gaining insight in the flow and filtering of ISD, the
simulations are applied to specific locations in the solar system and to specific space missions like Cassini,
JUICE and Stardust. The methods used in this thesis open up doors for future ISD research.
The solar system moves through the local Interstellar Medium (ISM) filled with gas and dust with a
relative velocity of 26 km/s. The gas and dust appear to come frome one direction of 259◦ ecliptic lon-
gitude and 8◦ ecliptic latitude with an uncertainty of ±15◦ (Frisch et al., 1999). The interstellar dust
(ISD) is first filtered and modulated at the termination shock of the heliosphere and then in the inner
solar system by three main forces: solar gravity, solar radiation pressure force and Lorentz force resulting
from the motion of the charged grains through the interplanetary magnetic field (IMF). This causes a
modulation in ISD flux and size distribution that was observed by Ulysses to be a factor of 3 between
1992 and 2008. The grain parameters determining the trajectories of the grains are β and Q/m. β is the
ratio of solar radiation pressure force to gravity and depends on the grain size, material and morphology.
It is a constant for one grain moving through the heliosphere. Q/m is the charge to mass ratio of a
compact spherical grain assuming a constant potential of +5V with respect to infinity. Q/m is larger for
smaller grains. The relation between β and grain size is defined in a so-called β-curve. In this thesis,
an adapted astronomical silicates β-curve of Gustafson (1994) was assumed for calculating the size dis-
tributions, which was modified to the outcome of the study of Landgraf et al. (1999a) to have βmax = 1.6.
Monte Carlo simulations of dust trajectories in the inner solar system were performed where the starting
position and time of the ISD grains was varied. From these simulations, trajectories, velocities, fluxes,
densities and directions of the ISD flow were derived.
The dust trajectories affected by solar gravity and radiation pressure force only are axi-symmetric, time-
invariable and can be determined analytically. The radiation pressure reduces the effects of the solar
gravity. The trajectories are attractive or repulsive hyperbola (β < or > 1) or straight line trajectories
for β = 1. In case of the repulsive hyperbola (β > 1), the grains do not enter the region close to and
downstream from the Sun which is called the β-cone. For instance, β = 1.3 grains will not get closer to
the Sun than 1 AU. The solar radiation pressure force and gravity lead to a gap in the size distribution
(β-gap) for middle-sized grains (β > 1, around 0.2 µm) or a concentration of ISD downstream from the
Sun for very small and very large grains (β < 1). Very close to the β-cone, there is a local increase of
relative density.
The ISD grains are charged and therefore experience electromagnetic forces when moving through the
IMF that is frozen in the solar wind plasma. The IMF is modeled by a Parker spiral (Parker, 1958) and
the solar wind speed is assumed constant at 400 km/s. The azimuthal component of the IMF causes the
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grains to deflect towards or away from the solar equatorial plane depending on the polarity of the IMF.
The mean magnetic dipole field over one solar rotation was used for the simulations in this thesis, which
is valid for simulations down to about 2 AU from the Sun. The closer to the Sun, the larger the influence
of the Lorentz force although the relative strength of the Lorentz force to the (effective) gravity generally
decreases. The non-averaged magnetic field value is also implemented in the model but requires much
longer computation times. When Lorentz forces act, the flow pattern becomes more complicated and
makes the stream non-stationary: there is a focusing and defocusing with respect to the solar equatorial
plane in a 22-year cycle and the effect is larger for smaller grains (high Q/m). This was predicted by Levy
and Jokipii (1976); Gustafson and Misconi (1979); Morfill and Grün (1979), observed by Ulysses (Land-
graf, 1998) and is confirmed by the simulations in this study. The variations in relative flux lead to
temporal enhancements or depletions of ISD grains in the planetary region of about factor 5 for grains
< 0.1µm, 3 for grains of abour 0.3 µm and 1.5 for grains of about 0.7 µm assuming compact astrosilicates.
Very small grains (< 0.15 µm) are even reflected upstream from the Sun during the focusing phase of the
solar cycle, which was called ‘mirroring’ in this thesis. Smaller grains (< 0.1 µm) will not even make it
to the inner solar system because they are filtered out at the termination shock of the heliosphere (Linde
and Gombosi, 2000; Slavin et al., 2010). The Lorentz force expands the β-cones during the defocusing
phase of the solar cycle and causes a concentration of accelerated ISD grains north and south out of the
ecliptic plane at about 10-20 AU above the poles of the Sun. As a result, small grains stream out of the
solar system at high latitudes and velocities. In the focusing phase, the β-cone is smaller mainly in the
direction perpendicular to the ecliptic plane and grains are focused and accelerated in the ecliptic plane
just outside of the β-cones. The Lorentz force enhances or reduces the small end of the size distribution
depending on the phase of the solar cycle and the location in the solar system.
In the upstream direction at large distances (≥10 AU) the differences between the straight-line trajecto-
ries and the trajectories for other β and Q/m values are small. For grains of 0.1 µm the electromagnetic
forces are dominant. At 0.2 µm the solar radiation pressure force is strongest (but outside of 1 AU the
magnetic forces still prevail) and as from 1 µm, Lorentz forces hardly have an effect. The speeds are
typically modulated from the original speed of 26 km/s at long distances down to 0 km/s and up to
50 km/s and even more.
The size distributions in the inner solar system are strongly modified from the incoming ISD size dis-
tribution and vary with grain properties, location in the solar system and time in the solar cycle. Big
particles are influenced most by solar radiation pressure force and gravity whereas small grains are most
of the time diverted to higher latitudes and thus depleted inside of 10 AU. However, for the relative fluxes
on planets or spacecraft missions in the solar system, also their motion with respect to the ISD flow plays
a role: when the planet moves towards the ISD flow, the relative velocity and thus flux increases which is
good for in-situ detection of ISD. When the planet moves parallel to the stream of ISD then the relative
velocity (and flux) is lower which is more suited for sample return missions where it is important to bring
back the grains intact, even if the flux is lower. This contrast in flux due to the motion of the planet is
higher for planets close to the Sun. Three specific cases were studied of the flux and size distribution:
at Saturn, at Jupiter and at the main-belt asteroid Ceres in order to get an idea of what a spacecraft
in these orbits would observe of ISD. ISD measurements at planet orbits like of Jupiter, Mars, Venus or
an asteroid are well suited for characterizing the ISD size distribution and grain composition with time.
These planets cover all the β-cone regions in relatively short time span, and provide a higher flux when
moving against the stream of ISD, due to their high orbital velocity.
For each of these locations the ISD flux for a specific mission was analyzed: Cassini at Saturn, JUpiter
ICy moons Explorer (JUICE) at Jupiter and Stardust between 1 and 2.5 AU from the Sun. The ISD
simulations for Cassini are a helpful tool for optimizing the pointing of the instrument for future obser-
vations until 2017 as well as to extract the ISD impacts from the data, based on the expected impact
directions and velocities. Around 2010 Saturn and Cassini are moving against the stream of ISD and
thus higher fluxes are expected for all sizes. Also in 2010, Saturn left the β-cone for β = 3 allowing
even the most absorbing ISD grains to be observed if present. In addition, there is a focusing phase of
the solar cycle in mid-2007 (in the model) and with a time-lag of a few years, this results in a maximal
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focusing of most of the grains between 2008 and 2011 depending on their size (one exception: Q/m = 3
C/kg in 2014). There is a variation of 15◦ in latitude and 4◦ in longitude over 30 years of measurement
time at Saturn for 0.3 µm grains for astronomical compact silicates. However, this can be more for fluffy
aggregates. For smaller grains, this variation increases to up to 50◦ latitude and 40◦ longitude and the
flux can reach 10 times the incoming ISD flux. Dedicated ISD measurement campaigns were done in 2010
and will continue until 2017.
The ISD analysis for the JUICE mission, that is scheduled to arrive at Jupiter in 2029, lead to the
conclusion that JUICE provides an ideal opportunity to do extra add-on research on ISD, especially
during the last part of the cruise phase. In the size range considered (10−18–10−15 kg), the flux of ISD at
JUICE is 2, 5 or 20 times the flux present at Galileo (1989-2003). This is because the direction of motion
of Jupiter is opposite to the ISD stream in 2029, there are only few β-gaps in the size distribution and in
2029, the focusing phase of the solar cycle is expected to focus the grains in the planetary regions. For
the Cassini and JUICE analyses no gravitational focusing or magnetic field effects of Saturn or Jupiter
were taken into account.
For the Stardust sample-return mission, the ISD fluxes, impact directions and impact speeds were an-
alyzed during the two ISD capturing periods in 2000 and 2002 and they were compared to the impact
angles and speeds of the 3 candidate ISD grains found during the InterStellar Preliminary Examination
(ISPE). The information on the impact angles and velocities of these grains was collected from the track
directions and shapes that were calibrated with a dust accelerator. The impact directions and speeds were
calculated for solar radiation pressure force and gravity alone, while the fluxes were derived from Monte
Carlo simulations including Lorentz forces. In 2000 and 2002, Stardust was moving in the same direction
of the ISD flow leading to very low fluxes and impact velocities. The low impact velocities were needed
to keep the grains intact upon capture. However, the low fluxes were even reduced by the defocusing
of grains due to electromagnetic forces since the collection periods were close after the maximum effect
occurred for the defocusing phase of the solar cycle.
The Lorentz force filters almost or all grains below about 0.15 µm radius (assuming compact astrosili-
cates) depending on the collection period, and reduces the flux for grains below 0.25 µm. The simulated
impact velocities were between 3 and 14 km/s for the smallest simulated grains (0.25-0.3 µm) and between
14 and 25 km/s for grains with radius between 0.4 and 0.7 µm. The simulated zenith angles are mostly
< 40◦ of the collector normal for impact velocities above 10 km/s. For impact velocities larger than
10 km/s, the impact zenith angles even increased to above 90◦ meaning that the very slow grains impact
on the cometary side of the collector, i.e. Stardust is overtaking the ISD grains on their trajectories.
The zenith angles of the 3 ISD candidates correspond well to the zenith angles and impact speeds of the
simulated grains. The simulated azimuth angles concentrate around 180◦ for the largest grains with high
impact speeds, and around 0◦ for the slow grains (impact speeds < 10 km/s). However, the azimuthal
angles found by the ISPE were all three in the 180◦ direction for nominal grains with initial incoming
direction of 259◦ longitude. However, by changing the initial incoming ISD dust direction to 269◦ or even
274◦ degrees (which is still within statistical uncertainty limits of the initial ISD direction (Landgraf,
1998)), and assuming grains with lower density, allows to make a fit between the zenith angle, azimuthal
angle, grain size and impact speed of the 3 ISD candidates and the simulations.
The expected number of impacts was calculated based on the flux from Ulysses and adapted to the
filtering at the time and location of Stardust. Assuming compact astrosilicates with a grain density of
2 g cm−3, a total of 40 grains were estimated during the collection periods.
Comparing the zenith angle and impact velocity of Track 30 and 34 to the simulations suggests that
these found ISD candidates have β-values between 1.1 and 1.5 and for Track 40, β < 0.9. However,
the azimuthal angles of Track 30 and 34 did not correspond to these results and there is a large margin
depending on uncertainties like spacecraft pointing and assumed initial ISD direction. Therefore, only
if more grains are found and a statistically significant dataset is available, then one can constrain grain
properties by comparing the simulations to the impact parameters of the grains in the aerogel. For now,
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by tuning the assumptions like initial inflow direction within the accepted limits (±15◦), the results of
the simulations could possibly correspond to the impact parameters of the three found ISD candidates
but an interstellar origin is not uniquely proven. Also the grain density and the β-curve assumed have
an impact on the results.
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6
Outlook
With this thesis I have contributed to opening doors for future ISD research. The techniques shown in this
work to analyze the ISD flow for specific missions and for different grain parameters shall be combined
with the existing ISD data from for instance the Ulysses mission. As such, possible causes of the shift of
dust observed in 2005 can be explored more in depth and ISD grain properties may be constrained by
comparing piecewise the simulations to the measurements per orbit segment.
This outlook illustrates briefly how the techniques presented in this thesis can be applied for future
ISD research. Also, the role of the techniques used in this thesis are discussed in the context of sev-
eral other research examples like constraining the dust parameters, understanding the filtering at the
heliopause and understanding the differences in size distribution between the simulations, astronomical
observations and measurements made by spacecraft.
6.1 Improved analysis of Ulysses data
The 17 years of ISD observations by the Ulysses spacecraft comprises the most comprehensive data set of
ISD covering almost one full (magnetic) solar cycle of about 22 years. Because of its special orbit perpen-
dicular to the interstellar flow interstellar dust could be uniquely distinguished from interplanetary dust
during most of its orbit. Ulysses measured the flux, the direction, and the size distribution of interstellar
grains as a function of position and time during 3 complete orbits around the sun.
Of special interest are spatial and temporal variations of flux, the direction, and the size distribution
which are indicative specific dynamical grain parameters beta and Q/m. (Landgraf et al., 1999a) recog-
nized a gap in the size distribution between 1 ·10−17 and 3 ·10−16 kg that was seen in data of 2-4 AU from
the Sun in comparison with data outside 4 AU. This indicated that the grains have a maximum β-value
of 1.6 for astronomical silicates with density of 2 g cm−3. However, only the flux and no directions were
used to compare the data to the simulations, and the dataset covered only data from 1992 until 1996.
Another example is a shift in ISD direction of 30◦ in rotation angle that was measured by Ulysses in
2005 (Krüger et al., 2007) and even 50◦ were reported in an analysis by Strub et al. (2011).
Future research on interpreting Ulysses data will be done in cooperation with the Ulysses DUST PI
and his team. The goal will be to find an explanation of the shift in ISD direction, to improve the
model of the ISD flux, direction and size distributions and as such also to constrain the grain material
properties. In order to reach these goals, the flux variations, size distributions and ISD directions from
simulations will be compared to the Ulysses data per orbit segment and thus also per time segment,
provided that these segments contain statistically significant numbers of ISD grain. This task is referred
to as “β-spectroscopy” (Altobelli, 2004).
The ISD grain properties are not fully determined, therefore, it is useful to consider the whole β-Q/m
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space when comparing data to simulations. In this manner the dependency of the ISD flux, directionality
and size distributions (the 3 observables of Ulysses) on β and Q/m constrain and direct us towards one
β-curve or a combination of them.
Preliminary analysis of the shift in ISD direction observed in 2005 is shown in Figure 6.1. It shows
the β-Q/m parameter space for the relative flux and latitude of the ISD grains on November 15th 2005
with respect to Ulysses. This figure suggests that a shift of dust of up to 44◦ in latitude can be explained
by particles of sizes 0.15-0.2 µm (Q/m = 2–3 C/kg) which is much smaller than the bulk particle size of
0.3 µm found by Landgraf (1998). Earlier in 2005, grains as small as 0.1 µm (Q/m = 6 C/kg) display also
a shift in the simulations of similar magnitude. These β-Q/m plots may help to find the grain parameters
that are needed to fit the observations. However, for proving that the heliospheric interaction is truly
the cause of the shift of dust in 2005, also absolute fluxes, directionalities depending on different grain
sizes and time-dependent size distributions should be compared to the data and fit at the same time
of the whole dataset. A first glance at the simulation results and fluxes and directions from measure-
ments (Landgraf et al., 2003; Krüger et al., 2007; Strub et al., 2011) look positive but much more work
is needed to find a good fit.
There may be other implications when we find that other materials than compact silicates (e.g. fluffy
grains or a combination of grains with different compositions) give a better fit to the Ulysses data. This
may have an effect on the interpretation of the Ulysses measurements themselves. So far calibration
measurements with compact silicates, iron or quartz particles were used. A re-analysis of the calibration
data may be needed that includes new information and insights:
• The effect of fluffy grains on the grain charging: fluffy or porous grains have higher charges. This
would affect the simulation results.
• The effect of fluffy grains on the impact signal: fluffy or porous grains would ‘mimic’ the impacts
of larger grains, especially on the large end of the size distribution. This could be with one order
of magnitude (Hornung, 2012, pers. comm.).
Such a re-analysis would lead to new measured size distributions and simulated velocities, fluxes and
directions per orbit segment and the comparison between data and simulations has then to be repeated
over (iteration).
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Figure 6.1: The relative flux and latitude of the ISD with respect to Ulysses on November 15th 2005.
Other possibilities of scenarios to explain the shift of dust are local dust inhomogeneities in the ISM (Grün
and Landgraf, 1997) over 1 kpc (variability in local environment, modifications outside of heliosphere).
From (Linde and Gombosi, 2000; Slavin, 2012) it is known that for a positive magnetic polarity at the
north ecliptic pole, grains < 0.2µm will be partially filtered at the termination shock and grains < 0.1µm
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will be completely filtered out. It is possible (Slavin, 2012) that for a the negative magnetic polarity
at the north ecliptic pole, such small grains do pass and modify the fluxes and directionalities at the
termination shock besides the known modulation in the inner solar system. Up to now, the Ulysses data
and simulations have not been compared in sufficient depth to prove or disprove that the shift of dust
can be explained by the solar system modulation alone. Results from missions like Voyager and IBEX
will provide more clarity in the structure of the outer heliosphere.
6.2 Other applications of the ISD model
ISD modelling taking into account the special conditions of current and future space mission will support
science planning of dedicated ISD measurement campaigns. E.g. the Cassini spacecraft is the 3-axis sta-
bilized platform; therefore, careful planning of the spacecraft attitude i.e. pointing of the dust instrument
CDA is necessary to optimize ISD measurements. After successful implementing such observations ISD
modelling will be necessary for the interpretation of the obtained data. Preliminary analysis (this thesis)
demonstrates that Cassini is expected to get more data at maximum ISD flux. For the first time Cassini
CDA will provide composition measurements of ISD grains.
Even earlier ISD modelling can help the mission design of a future space mission. An example is the outer
planet missions JUICE for which ISD modelling can support orbit design and science planning. Even the
selection of a science instrument may be affected once the added value of ISD science is recognized.
A similar analysis of ISD data as for Ulysses may be applied to data of current missions to the outer solar
system like New horizons, or re-analysis of data of older missions (Galileo). For Stardust it is expected
that more grains will be found such that there will be better statistics. When more ISD grains are
identified then the model can be updated with better compositional information and better constraints
on the dynamical grain parameters.
6.3 Improvements to the current model
The assumed solar wind speed (400 km/s) may have little effect since the azimuthal component of the IMF
is inversely proportional to this and thus the largest part of the Lorentz force is independent of solar wind
speed. Similarly, it is not expected that more detailed UV flux data will change a lot. However, the IMF
model needs some refinement for application to the inner solar system. Although the current ISD model
works well for applications to the outer solar system at 1 AU the averaging of the IMF over a solar rotation
(25 days) is no longer applicable but a rotating magnetic field model needs to be used. The solar magnetic
field was adapted in our model to use the Solar Wilcox Observatory data instead of an IMF that rotates
at a constant rate, but the simulations ran used the averaged magnetic field for computation time reasons.
The current simulations used a grid size of 1.5 AU which is too coarse for applications inside about
2 AU. Therefore, a refinement to a smaller gridsize is necessary for applications closer to the Sun. Fine
grid simulations will help for mission design like SARIM+, DUNE, future proposals for S-class missions
close to Earth. It will also help for data analysis of current missions close to the Sun like STEREO and
GORID.
All in all modelling of the interstellar dust flow through the solar system holds promise for exciting
new discoveries for quite some time in the future.
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The flow of ISD in the solar system: graphical overview
This appendix gives a graphical overview of the characteristics of the ISD flow in the solar system. The
plots that we collect here are:
• Trajectory plots (introduced in Section 3.1)
• Plots showing the closest approach of the grains to the Sun (introduced in Section 2.1)
• Cross sections of the dust flow at three distances from the Sun along the interstellar flow axis
(introduced in Section 2.1)
• Densities across the solar system from -11 to 11 AU (introduced in Section 2.1)
• Relative fluxes and velocities for all β and Q/m combinations at four distances from the Sun
along the interstellar flow axis are not repeated here, but they complete the overview. We refer to
Section 3.4.2 for the plots and the discussion.
• The size distribution derived from applying the relative fluxes along the adapted astronomical
silicates curve to the MRN-distribution (ignoring filtering at the termination shock), and the rel-
ative flux along this β-curve (introduced in Section 3.4) are also not repeted. Again, we refer to
Section 3.4.2 for the plots and the discussion.
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A.1 Trajectories
A.1.1 Radiation pressure and gravity only
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Figure A.1: β = 0.5, Q/m = 0 C/kg
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Figure A.2: β = 1.6, Q/m = 0 C/kg
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A.1.2 Lorentz forces only
Focusing phase of the solar cycle
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Figure A.3: β = 1.0, Q/m = 0.5 C/kg
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Figure A.4: β = 1.0, Q/m = 1.0 C/kg
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Figure A.5: β = 1.0, Q/m = 1.5 C/kg
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Figure A.6: β = 1.0, Q/m = 3.0 C/kg
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Figure A.7: β = 1.0, Q/m = 12.0 C/kg
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Defocusing phase of the solar cycle
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Figure A.8: β = 1.0, Q/m = 0.5 C/kg
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Figure A.9: β = 1.0, Q/m = 1.0 C/kg
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Figure A.10: β = 1.0, Q/m = 1.5 C/kg
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Figure A.11: β = 1.0, Q/m = 3.0 C/kg
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Figure A.12: β = 1.0, Q/m = 12.0 C/kg
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A.1.3 Radiation pressure, gravity and Lorentz forces
Focusing phase of the solar cycle
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Figure A.13: β = 1.5, Q/m = 1.5 C/kg
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Figure A.14: β = 1.5, Q/m = 1.5 C/kg
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A.2 Closest approaches
A.2.1 Radiation pressure and gravity only
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Figure A.15: β = 0.5, Q/m = 0 C/kg (left) and β = 1.6, Q/m = 0 C/kg (right)
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A.2.2 Lorentz forces only
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Figure A.16: β = 1.0, Q/m = 0.5 C/kg (left) β = 1.0, Q/m = 1.0 C/kg (right)
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Figure A.17: β = 1.0, Q/m = 1.5 C/kg (left) β = 1.0, Q/m = 3.0 C/kg (right)
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Figure A.18: β = 1.0, Q/m = 12.0 C/kg
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Defocusing phase of the solar cycle
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Figure A.19: β = 1.0, Q/m = 0.5 C/kg (left) and β = 1.0, Q/m = 1.0 C/kg (right)
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Figure A.20: β = 1.0, Q/m = 1.5 C/kg (left) and β = 1.0, Q/m = 3.0 C/kg (right)
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Figure A.21: β = 1.0, Q/m = 12.0 C/kg
A.2 Closest approaches 93
A.2.3 Radiation pressure, gravity and Lorentz forces
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Figure A.22: β = 1.5, Q/m = 1.5 C/kg focusing phase (left), defocusing phase (right)
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A.3 Cross sections
A.3.1 Radiation pressure and gravity only
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Figure A.23: β = 0.5, Q/m = 0 C/kg (left) and β = 1.6, Q/m = 0 C/kg (right)
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A.3.2 Lorentz forces only
Focusing and defocusing phase of the solar cycle
Position (in AU) of ISD at a slice at −5AU
−20 −10 0 10 20
−20
−10
0
10
20
Position (in AU) of ISD at a slice at 0AU
−20 −10 0 10 20
−20
−10
0
10
20
Position (in AU) of ISD at a slice at 5AU
−20 −10 0 10 20
−20
−10
0
10
20
22
22
22
23
23
24
24
24
25
25
26
Position (in AU) of ISD at a slice at −5AU
−20 −10 0 10 20
−20
−10
0
10
20
Position (in AU) of ISD at a slice at 0AU
−20 −10 0 10 20
−20
−10
0
10
20
Position (in AU) of ISD at a slice at 5AU
−20 −10 0 10 20
−20
−10
0
10
20
25
26
26
27
27
27
28
28
28
29
29
Figure A.24: β = 1.0, Q/m = 0.5 C/kg, focusing (left), defocusing (right)
96 The flow of ISD in the solar system: graphical overview
Position (in AU) of ISD at a slice at −5AU
−20 −10 0 10 20
−20
−10
0
10
20
Position (in AU) of ISD at a slice at 0AU
−20 −10 0 10 20
−20
−10
0
10
20
Position (in AU) of ISD at a slice at 5AU
−20 −10 0 10 20
−20
−10
0
10
20
18
19
20
21
21
22
23
24
25
26
26
Position (in AU) of ISD at a slice at −5AU
−20 −10 0 10 20
−20
−10
0
10
20
Position (in AU) of ISD at a slice at 0AU
−20 −10 0 10 20
−20
−10
0
10
20
Position (in AU) of ISD at a slice at 5AU
−20 −10 0 10 20
−20
−10
0
10
20
25
26
27
27
28
29
30
30
31
32
32
Figure A.25: β = 1.0, Q/m = 1.0 C/kg, focusing (left), defocusing (right)
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Figure A.26: β = 1.0, Q/m = 1.5 C/kg, focusing (left), defocusing (right)
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Figure A.27: β = 1.0, Q/m = 3.0 C/kg, focusing (left), defocusing (right). A small amount of grains
reach velocities up to 400 km/s (not shown here) in the focusing phase.
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Figure A.28: β = 1.0, Q/m = 12.0 C/kg, focusing (left), defocusing (right). A small amount of grains
reach velocities up to 900 km/s north and south from the Sun in the focusing phase (not shown here).
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A.3.3 Radiation pressure, gravity and Lorentz forces
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Figure A.29: β = 1.5, Q/m = 1.5 C/kg focusing phase (left), defocusing phase (right)
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A.4 Densities
A.4.1 Radiation pressure and gravity only
Figure A.30: Relative density map of ISD in the solar system up to 11 AU from the Sun, for particles
with β = 0.5 (left) and β = 1.6 (right). The density is shown with respect to the undisturbed ISD density
at infinity, and the color scale is limited to an upper relative density of 2. For grains with β = 0.5, the
relative density downstream of the Sun is enhanced due to the gravitational focusing (left). The β-cone
for β = 1.6 is visible as a conically-shaped volume of depletion (right).
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A.4.2 Lorentz forces only
Focusing and defocusing phase of the solar cycle
Variation in relative densities in the solar system due to the Lorentz force. Observing times are from left
to right and top to bottom: 1996, 1998, 2000, 2002, 2004, 2006, 2008, 2010, 2012, 2014, 2016, 2018. The
solar minimum of the defocusing cycle is in mid-1996 and the solar minimum of the focusing cycle is in
mid-2007. The maximum effect of this on the density is about 3 years later. Solar maximum is in 2002
and 2013, and the solar minimum of the focusing cycle is in mid-2007 and mid-2018.
Figure A.31: β = 1, Q/m = 0.5 C/kg
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Figure A.32: β = 1, Q/m = 1.0 C/kg
104 The flow of ISD in the solar system: graphical overview
Figure A.33: β = 1, Q/m = 1.5 C/kg
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Figure A.34: β = 1, Q/m = 3.0 C/kg
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Figure A.35: β = 1, Q/m = 12.0 C/kg
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A.4.3 Radiation pressure, gravity and Lorentz forces
Figure A.36: β = 1.5, Q/m = 1.5 C/kg
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B
Applications of the modeling: the filtering at Saturn, Jupiter
and Asteroid belt
B.1 ISD filtering at Saturn
In Section 4.1 the relative fluxes were studied for 7 grain sizes along the β-curve, at Saturn’s orbit. Here,
we discuss in analogy with Section 3.4.2, the β-Q/m graphs from which these relative fluxes were derived,
by following the relative fluxes and velocities along the β-curve in the β-Q/m graphs. Figures B.1 and B.2
show these for the 8 positions throughout the solar cycle and Saturn’s orbit. The adapted astronomical
silicates β-curve is shown as a black/white line. In 1991, between the focusing and defocusing period
(Table 2.1) Saturn is in the upstream portion of the interstellar flow. The flux of particles with 2 < Q/m
< 4 and β-values > 1.3 is still enhanced more than a factor 2 while the flux of particles with Q/m > 6
is significantly reduced (Fig. B.1). This flux enhancement shifts to smaller β values in 1995. In 1999 the
interstellar flux is strongly reduced for all particles except for big particles (Q/m < 0.1 and β < 1.5). In
2002, Saturn is in the downstream portion of the interstellar flow inside the β-cone for all small particles
(β > 1) and in the focusing region of big particles (β < 1). However, electromagnetic interactions diffuse
the focusing effect for Q/m > 1. In the whole period from 1991 to 1999 the relative speed between Saturn
and interstellar grains is below the Vinf (26 km/s) because Saturn is moving parallel to the interstellar
dust flow and hence the relative speed is reduced by Saturn’s orbital speed (9.7 km/s). Only in 2002 the
relative speed of big interstellar particles (β < 1) exceeds Vinf because the speed vector of interstellar
dust and Saturn are no longer close to parallel.
The relative fluxes and velocities in 2005 to 2017 are much higher (Fig. B.2) than in the preceding
period because Saturn is moving into the dust direction (increasing both flux and relative velocity) as
well as because of the focusing phase of the solar cycle (2009 to 2013). By 2009, Saturn is at the edge
of the β = 3 cone as well as moving against the dust stream and in the midst of the focusing phase of
the solar cycle. In 2013, Lorentz forces change the shape of the β-Q/m plot but still very high fluxes can
be found for small grains with Q/m between 3 and 6 C/kg, presumed they can traverse the termination
shock. Impact velocities get reduced because of the direction of motion of Saturn.
Fig. B.3 represents the relative flux for 7 grain sizes along the adapted astronomical silicates curve.
The last colored plot is a combination of the first 7. As the grain size decreases, the influence of the solar
cycle becomes more dominant. Filtering at the termination shock is not taken into account.
Figs. B.4 and B.5 show the relative fluxes for all β and Q/m values, at Saturn. This overview gives
a good insight in the influence of both parameters in the resulting flux patterns. The left column con-
tains β < 1, the right column contains values of β > 1 and Q/m of the grains increases from top to
bottom according to the 7 grain sizes from Table 2.2.
Fig. B.6 is added to this appendix to illustrate the influence of the β-cone on the relative flux, for
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moderately charged grains like the charge on grains of 0.3 to 0.4 µm (but with varying β-values). For
β < 1, there is an increase in relative flux in 2002 when Saturn is “downstream” of the Sun. For β = 1
and Q/m = 0.5, there is a reduction in the relative flux because of the Lorentz force, and for β > 1, the
influence of the β-cone is clearly visible when comparing the curve with the one of β = 1. This figure
clearly illustrates that for lower β-values, the gravitational focusing compensates the reduced flux due to
the Lorentz forces between 2001 and 2003. β varied between 0.7 and 1.5 while keeping the charge-to-mass
ratio constant at 0.5 C/kg.
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Figure B.1: The relative flux (left) and relative velocity (right) with respect to Saturn for approximately
the defocusing phase (1991 – 1992) of the solar cycle. Saturn is moving mainly in the same direction of
the dust flow and is downstream from the Sun in 2002 (inside all β-cones).
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Relative ISD flux at Saturn (2005 day 294)
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Relative ISD flux at Saturn (2009 day 125)
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Relative ISD flux at Saturn (2013 day 022)
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Relative ISD flux at Saturn (2017 day 001)
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Figure B.2: The relative flux (left) and relative velocity (right) with respect to Saturn for approximately
the focusing phase (2005 – 2017) of the solar cycle. Saturn is moving mainly into the dust flow and is
upstream from the Sun in 2017.
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Figure B.3: Time-series of relative fluxes with respect to Saturn for different grain sizes (0.73, 0.36, 0.26,
0.21, 0.15, 0.11 and 0.07 µm).
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Figure B.4: Overview of relative fluxes at Saturn for all combinations of β and Q/m (from top to bottom:
0.12, 0.5, 1 and 1.5 C/kg), with time. Left: β < 1, right: β > 1.
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Figure B.5: Overview of relative fluxes at Saturn for all combinations of β and Q/m (from top to bottom
3, 6 and 12 C/kg), with time. Left: β < 1, right: β > 1.
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Figure B.6: Relative flux with respect to Saturn (smoothed with a width of 200 days), and scaled to the
incoming flux. Five different β-values are shown, and Q/m is fixed at 0.5 C/kg. This is to illustrate the
effect of β for a moderate Q/m corresponding to the charge on compact grains of 0.3 to 0.4 µm.
B.2 ISD filtering at Jupiter
Again, we discuss here the β-Q/m graphs from which the relative fluxes were studied along the β-curve
in Section 4.2. A first look at the β-Q/m plots for Jupiter (Figs. B.7 and B.8) reveals immediately that
there is a strong effect of the focusing and defocusing phase of the solar cycle: fluxes are strongly reduced
in Fig. B.7, whereas they are enhanced in Fig. B.8. The locations in the plots for 1995, 1998, 2001 and
2004 are equal to the locations in the plots of 2007, 2010, 2013 and 2016, but the period in the solar cycle
is different (defocusing in Fig. B.7 versus focusing in Fig. B.8). From top to bottom, Jupiter is upstream,
sidestream (moving with the flow of ISD), downstream and again sidestream (against the flow of ISD).
The adapted astronomical silicates β-curve is shown as a black/white line.
Upstream, the relative flux is moderate for 1995 whereas it is high for the focusing phase (2007). The
relative velocities vary from high velocities at low β, and lower velocities for higher β-values (as grains
get slower near the β-cone for β > 1 and get faster for lower β-values). The variation in velocities with
different β is larger than in the case of Saturn, because we are closer to the Sun and Jupiter’s orbital
speed is faster (cf. also Fig. 3.22 in section 3.4.2 for the flux and velocity at a fixed position of 5 AU
upstream from the Sun). On the sidestream side there is a very low flux in 1998 because of both the
defocusing phase of the solar cycle and the relative movement of Jupiter with respect to the dust flow
direction. In the focusing phase, the flux is somewhat higher. Both show very low relative velocities since
the orbital speed of Jupiter is about 13 km/s and the nominal dust speed is 26 km/s. In 2001 and 2013,
Jupiter is downstream from the Sun. The β-cone is visible through having no flux above β = 1 and the
gravitational focusing is visible for small β-values through a strong enhancement of relative flux. During
the focusing phase of the solar cycle (Fig. B.8), this enhancement is stronger for certain combinations of
β and Q/m. During the defocusing phase (Fig. B.7), also downstream the grains are filtered out as from
a certain size (Q/m > 2 C/kg). The Lorentz forces seem to slow down the grains slightly during the
focusing phase (Fig. B.8). When in the sidestream position against the ISD flow, the flux in the focusing
phase (2016 in Fig. B.8) is clearly higher than in the defocusing case (2004 in Fig. B.7). The defocusing
flux is higher in 2004 than in 1998 (Figs. B.7) because we are further in the solar cycle as well as moving
into the stream of ISD grains. This is clearly visible in the relative velocities which become very high.
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Relative ISD flux at Jupiter (2001 day 045)
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Relative ISD flux at Jupiter (2004 day 047)
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Figure B.7: The relative flux (left) and relative velocity (right) with respect to Jupiter for approximately
the defocusing phase (1995 – 2004) of the solar cycle for the 4 positions indicated in 4.5 (left).
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Relative ISD flux at Jupiter (2007 day 190)
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Relative ISD flux at Jupiter (2010 day 137)
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Figure B.8: The relative flux (left) and relative velocity (right) with respect to Jupiter for approximately
the focusing phase (2007 – 2016) of the solar cycle for the 4 positions indicated in 4.5 (right).
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Figure B.9: Time-series of relative fluxes with respect to Jupiter for different grain sizes (0.73, 0.36, 0.26,
0.21, 0.15, 0.11 and 0.07 µm (cf. Fig. B.3)). As the grain size decreases, the influence of the solar cycle
becomes more dominant. Filtering at the heliopause is not taken into account.
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B.3 ISD filtering in the asteroid belt
In analogy with the previous appendices (B.1,B.2) we discuss the β-Q/m plots for the relative flux and
velocity in the asteroid belt. Again, the adapted astronomical silicates β-curve is shown as a black/white
line. During the defocusing period only bigger particles (Q/m < 1 and β < 1) reach the asteroid at
somewhat enhanced fluxes (Fig. B.10). The relative speeds of interstellar grains are generally higher than
their initial speed of 26 km/s because of the significant orbital speed of the asteroid (18 km/s). Only in
2002 when the asteroid moves approximately parallel with the interstellar flow the relative speed becomes
as low as 10 km/s. At this and similar periods interstellar material may be collected at the asteroid surface.
For about half of the asteroid’s orbit no particles with β ≥ 2 will reach the asteroid (Fig. B.11). How-
ever, their fluxes are generally enhanced except for 2011 when the asteroid’s motion subtracts from the
interstellar flow speed and, hence, also the fluxes are reduced. Only the flux of particles with Q/m ∼ 2
are enhanced even there. Downstream of the interstellar flow (end of 2012) the fluxes of all particles of
β < 1 are strongly enhanced (gravitational focusing and Lorentz forces).
Fig. B.12 shows again the time evolution of the relative flux for the 7 grain sizes apart, and then (colored
plot) for all of them in one graph.
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Figure B.10: The relative flux (left) and relative velocity (right) with respect to main-belt asteroid Ceres
for approximately the defocusing phase (1999 – 2002) of the solar cycle for the 4 positions indicated
in 4.11 (left). The variation in velocity is mainly due to the direction in which Ceres moves with respect
to the ISD flow direction.
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Figure B.11: The relative flux (left) and relative velocity (right) with respect to main-belt asteroid Ceres
for approximately the focusing phase (2010 – 2013) of the solar cycle for the 4 positions indicated in 4.11
(right). The variation in velocity is mainly due to the direction in which Ceres moves with respect to the
ISD flow direction.
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Figure B.12: Time-series of relative fluxes with respect to main-belt asteroid Ceres for different grain
sizes (0.73, 0.36, 0.26, 0.21, 0.15, 0.11 and 0.07 µm
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